Hydrogel-based asymmetrical membranes for wound dressing application: manufacture, drug delivery and wound-healing effects by Ferreira, Patrícia Isabel da Cruz Morgado
Patrícia Isabel da Cruz Morgado Ferreira 
  











Hydrogel-based asymmetrical membranes for 
wound dressing application: manufacture, drug 














Orientadora: Prof.ª Doutora Ana Isabel Nobre Martins 
Aguiar de Oliveira Ricardo, Professora Catedrática, 
Faculdade de Ciências e Tecnologia da Universidade 
NOVA de Lisboa  
 
Orientador: Prof. Doutor Ilídio Joaquim Sobreira Correia, 
Professor Auxiliar com Agregação, Faculdade de 



















Patrícia Isabel da Cruz Morgado Ferreira 
  











Hydrogel-based asymmetrical membranes for wound 


















Copyright © Patrícia Morgado Ferreira, Faculdade de Ciências e Tecnologia da 
Universidade NOVA de Lisboa 
 
A Faculdade de Ciências e Tecnologia e a Universidade NOVA de Lisboa têm o direito, 
perpétuo e sem limites geográficos, de arquivar e publicar esta dissertação através de 
exemplares impressos reproduzidos em papel ou de forma digital, ou por qualquer outro meio 
conhecido ou que venha a ser inventado, e de divulgar através de repositórios científicos e de 
admitir a sua cópia e distribuição com objectivos educacionais ou de investigação, não 
comerciais, desde que seja dado crédito ao autor e editor. 
 
As secções desta dissertação já publicadas por editores para os quais foram transferidos 
direitos de cópia pelos autores, encontram-se devidamente identificadas ao longo da 
dissertação e são reproduzidas sob permissão dos editores originais e sujeitas às restrições de 










Um doutoramento é uma longa viagem e aventura. Chega-se a um local novo e desconhecido, 
um pouco apreensiva com o que ali vem, mas ao mesmo tempo ansiosa por poder conhecer o 
desconhecido e aprender aquilo que ainda não foi aprendido. Um misto de momentos de 
euforia, tristeza, alegria, ansiedade e medos abraçaram esta aventura. Muitos percalços 
surgiram ao longo desta viagem, que só foram possíveis de ultrapassar porque as pessoas 
certas estavam ao meu lado, me apoiaram, me deram a mão, me disseram para não desistir e 
ser mais forte que os meus medos. São essas pessoas, que vou enunciar aqui numa das 
partes mais importantes desta dissertação, que ficaram no coração e que tornaram possível eu 
ter chegado ao fim e estar aqui hoje. Porque elas acreditaram em mim! 
 
À minha orientadora Prof.ª Dr.ª Ana Aguiar-Ricardo, que me recebeu de braços abertos no seu 
laboratório quando decidi ficar por Lisboa. Obrigada pelo seu acolhimento durante estes quatro 
anos e conhecimento, para mim total desconhecido, sobre fluidos supercríticos, células de alta 
pressão e afins. Obrigada a si por ter contribuído a sair da minha zona de conforto e a alargar 
os meus conhecimentos em áreas completamente novas e tão úteis. 
Ao meu orientador Prof. Dr. Ilídio J. Correia, que já me acompanha há bastantes anos. Um 
muito obrigado por todo o conhecimento sobre Tissue Engineering e afins, confiança e 
persistência que me transmitiu desde o mestrado.  
 
À Fundação para a Ciência e Tecnologia e programa doutoral MIT-Portugal pela concessão da 
bolsa de investigação, sem o apoio dos quais este projeto de investigação não teria sido viável. 
 
Ao meu amigo, confidente e irmão da Covilhã, Maximiano Ribeiro, um muito obrigado por todos 
os ensinamentos em culturas celulares, estudos in vitro e in vivo e desenvolvimento de 
hidrogéis. Contigo ri, chorei, desabafei e acredito que onde quer que estejamos a nossa 
amizade permanecerá. Obrigada à tua esposa Joana Tomás e vosso rebento Maria Inês por 
todo o carinho com que sempre me receberam. 
 
Aos meus grandes amigos, confidentes e irmãos que arranjei em Lisboa, Vanessa Correia e 
Pedro Lisboa. Foram sem dúvida o meu suporte e sem o vosso apoio nada disto teria sido 
possível. Uma amizade cresceu, consolidou e desejo que permaneça assim para todo o 
sempre, estejam onde estiverem e dê a vida as voltas que tiver de dar. Obrigada pelos vossos 
conselhos, brainstormings, e partilha de conhecimentos. Desejo-vos o maior sucesso nas 
vossas vidas. 
 
Às minhas ladies Anita Lourenço, Márcia Tavares, Vanessa Almeida, Gosia e Ana Paninho por 
me deixarem entrar nas vossas vidas e me proporcionarem momentos de pura felicidade. 
Obrigada por nunca se calarem sempre que queria silêncio naquele gabinete . Um muito 
obrigado pela vossa amizade e apoio que sempre demonstraram. 
 
À Rita Restani pela partilha de todas as nossas ansiedades e medos e apoio que demos uma à 
outra em momentos difíceis das nossas vidas. 
 
À Sofia Silva, Mara Gonçalves e Diana Bicho, minhas companheiras desde a licenciatura. 
Obrigada pela vossa amizade e desejo-vos muito sucesso nas vossas vidas. Sejam felizes! 
 
À Ritinha, Marta, Sara, Fabiana, Carmen, Rita Craveiro, Telma Barroso, Catarina Melo, 
Gonçalo Carrera, Ana Nunes, Teresa Casimiro e Vasco Bonifácio pelo carinho que sempre 




À Sónia Miguel, minha companheira de investigação na Covilhã. Obrigada pelos testes de 
citotoxicidade e estudo in vivo e pela simpatia que sempre demonstraste. 
 
À Dona Idalina, Conceição e Maria José, por todo o carinho e simpatia que sempre 
demonstraram. 
 
À Cláudia Madeira um muito obrigado por todo o suporte e conselhos que me deu. Muito 
provavelmente sem a sua ajuda e profissionalismo, eu teria descambado e não teria tido forças 
psicológicas e mentais para prosseguir. 
 
Aos primos Vi e Titi que me ajudaram muito enquanto estive sozinha. Obrigada pela vossa 
presença sempre que precisava, carinho, amizade e humildade. 
 
Às minhas colegas de casa em Lisboa, Joana Paulo e Suzanna Hopffer. Tive muita sorte em 
vos ter encontrado.  
 
Aos meus amigos de longa data, Sandrina Moura, Fernando Ribeiro, João Silva, Zé XT, 
Gonçalo Loureiro, Filipa Martins e o pequeno Migui. Obrigada pela vossa preocupação comigo 
e em saberem o que andava a fazer mesmo vocês sendo de áreas completamente diferentes. 
Obrigada por me deixarem fazer parte das vossas vidas, obrigada pela vossa amizade, carinho 
e que permaneçamos sempre juntinhos e amiguinhos para todo o sempre! 
 
Aos meus sogros, Silvina e Diamantino Ferreira, cunhados, Nuno e Susana Ferreira, e 
sobrinhos, Nicole e Kevin, por me terem recebido sempre tão bem desde o primeiro dia em que 
fui apresentada à família e por se interessarem pela minha carreira. Por todo o amor que me 
dão. Muito obrigada por me permitirem fazer parte da vossa família. 
 
À minha família por todo o suporte que sempre demonstraram nas minhas decisões. Aos meus 
queridos pais, João e Belinha, sem eles não teria chegado onde cheguei. Obrigada por todas 
as oportunidades que me deram para investir na minha carreira e não só! Ao meu querido 
irmão, Pedro, pelas suas maluqueiras e doidices, mas também pelo amor, carinho, amizade, 
proteção que sempre demonstrou. À minha querida avó Olinda que me criou com tanto amor e 
carinho e que eu adoro. À minha Titi, madrinha, confidente, amiga e segunda mãe por todo o 
amor que sempre me deu, por todo o carinho que sempre demonstrou, por sempre me tratar 
como uma verdadeira filha.  
 
Finalmente, não poderia deixar de agradecer talvez à pessoa que mais me aturou em todo o 
sempre! O meu amigo, companheiro, confidente e querido esposo, Tiago Almeida Ferreira, por 
toda a paciência em me ouvir, por toda a sua preocupação em me acalmar em momentos mais 
difíceis, por me dar a mão sempre que precisei, por me dar o ombro sempre que uma lágrima 
caía. Por muitas vezes ter sido o meu saco de boxe, onde descarregava sempre que chegava a 
casa e vinha chateada com alguma coisa. Desculpa por esses momentos, mas obrigada pelo 
retorno carinhoso . Obrigada por me fazeres feliz ontem, hoje e amanhã. Obrigada por 
estares sempre ao meu lado. 
 
A todos vocês e a muitos outros que terão passado na minha vida e contribuído de alguma 





O desenvolvimento de novos pensos para a regeneração de feridas cutâneas, capazes de 
mimetizar a estrutura nativa da pele e de permitir um processo de cicatrização mais rápido e 
menos doloroso, é uma necessidade urgente.  
 
Utilizando a técnica de inversão de fases por dióxido de carbono supercrítico (scCO2), 
produziram-se membranas assimétricas de álcool polivinílico/quitosano (PVA/CS) capazes de 
mimetizar a estrutura nativa da pele. As membranas (limpas, secas e prontas a usar) foram 
obtidas em apenas 4h, ao invés das 24h necessárias aquando a utilização dos métodos 
convencionais como sejam as técnicas de inversão de fases com precipitação por imersão ou 
por evaporação controlada. Apesar de recolhidas secas, as membranas formam rapidamente 
um hidrogel devido à sua elevada capacidade de absorção de água, constituindo uma 
propriedade crucial para a manutenção de um ambiente húmido favorável à cicatrização da 
ferida. Apresentam uma camada superior densa com cerca de 15 µm, que permite a troca de 
gases e evita a penetração de microrganismos, e uma camada interna porosa capaz de 
remover o excesso de exsudado. 
 
Para avaliar a adequabilidade destas membranas como sistemas de libertação de fármacos, 
utilizou-se o ibuprofeno (IBP) como fármaco modelo. Devido às membranas terem 
propriedades semelhantes a um hidrogel, todo o IBP encapsulado nos pensos de PVA/CS foi 
libertado após 40 minutos, condicionando a sua aplicabilidade no tratamento de feridas. Para 
ultrapassar esta limitação, prepararam-se membranas contendo IBP encapsulado em 
complexos de IBP-β-ciclodextrinas (β-CDs) e microesferas de glicerol 1,3-dimetacrilato, a fim 
de susterem a libertação do fármaco de forma adequada para a aplicação dos pensos no 
tratamento de feridas cutâneas. Os resultados obtidos revelaram que as β-CDs permitiram uma 
libertação controlada do fármaco durante 3 dias, abrangendo o tempo da fase inflamatória. 
Além disso, os dados recolhidos a partir dos ensaios in vivo mostraram que a presença de um 
simples fármaco analgésico e com propriedades anti-inflamatórias foi fundamental para evitar 
uma fase inflamatória aguda e a formação de crosta, promovendo, assim, a regeneração da 
pele mais rapidamente. 
 
Palavras-chave: membranas assimétricas, pensos para a cicatrização de feridas cutâneas, 

















































The development of new wound dressings able to mimic the native structure of skin and to allow 
a faster and less-painful healing process is an urgent demand. 
 
Dry, clean and ready-to-use poly(vinyl alcohol)/chitosan (PVA/CS) asymmetrical dressings were 
successfully developed through supercritical carbon dioxide (scCO2)-phase inversion technique 
in just 4h instead of the 24h required when conventional methods, wet- and dry/wet-phase 
inversion, are used. The produced dressings were recovered in a dry state, but they can form a 
hydrogel due to their high water uptake ability, which is an important property for maintaining a 
moisturized environment for improving the wound healing process. They presented a dense skin 
top layer of about 15 µm, that allows gaseous exchange while avoiding microorganisms 
penetration, and a porous inner layer able to remove the excess of exudates.  
 
To evaluate the suitability of these membranes for use as drug delivery systems, ibuprofen 
(IBP) was loaded in these membranes as drug model. However, due to the hydrogel-like 
properties, the IBP loaded into PVA/CS dressings was completely released after 40 minutes, 
which is not appropriate for wound healing purposes. To overcome such drawback, IBP-β-
cyclodextrins (β-CDs) complexes and IBP-loaded poly(1,3-glycerol dimethacrylate) microbeads 
were used to customize the release profile of IBP and to allow the application of the dressings in 
the treatment of full-thickness wounds. The results obtained reveal that β-CDs allowed a 
sustained drug release during 3 days, which is compatible with the time frame of the 
inflammatory phase. Moreover, the data collected from in vivo assays showed that the presence 
of a simple anti-inflammatory and pain-relief drug within dressings was crucial to avoid an acute 
inflammatory phase and scab formation, thus promoting a faster skin renewal.  
 
Keywords: asymmetrical membranes, wound dressings, drug delivery systems, sustainable 
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(NH4)2SO4 ammonium sulfate 
NSAID   non-steroidal anti-inflammatory drug 
OMetOx-DDA  oligo(2-methyl-2-oxazoline) quaternized with N,N-dimethyldodecylamine 
xx 
 
O2  oxygen  
P. aeruginosa  Pseudomonas aeruginosa 
PAN   polyacrylonitrile 
PBS  phosphate buffered saline 
pc   critical pressure 
PCL   polycaprolactone 
pCO2  pressure of CO2  
PEG   polyethylene glycol 
PEO   poly(ethylene oxide) 
PF  poly(1,3-glycerol dimethacrylate) microparticles with 30 wt% of fluorolink  
PFPE   perfluoropolyether 
PGDMA poly(1,3-glycerol dimethacrylate) 
PK  poly(1,3-glycerol dimethacrylate) microparticles with 10 wt% of krytox  
PLA   poly(L-lactide) 
PLLA   poly(L-lactic acid) 
PMO   peptide-morpholino oligomer 
PS   polystyrene  
PU  polyurethane 
PVA  poly(vinyl alcohol) 
RH   relative humidity 
ROS  reactive oxygen species 
S. aureus Staphylococcus aureus 
scCO2  supercritical carbon dioxide 
SCF  supercritical fluids 
SEM   scanning electron microscopy 
TBSA%  total percent surface area injured  
Tc   critical temperature  
THF   tetrahydrofuran 
TRIS  tris(hydroxymethyl)aminomethane 
UF  ultra-filtration 
VOCs  volatile organic solvents 
WHO  World Health Organization  
WS   wound size  
WVP  water vapor permeability 
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Patrícia I. Morgado did a thorough bibliographic research about asymmetric 
membranes to be used as wound dressings (methods, structure and properties) and, 





















Skin is the biggest organ in vertebrates and occupies an area of about 2 m
2
, representing 
approximately one-tenth of the body mass [1, 2]. It has a complex three-layered structure 
(epidermis, dermis and hypodermis), which under normal physiological conditions, is intrinsically 
self-renewable [3]. This complex organ is the outermost barrier of the body that protects inner 
organs from microbial pathogens, mechanical and chemical insults, regulates the body 
temperature, gives support to blood vessels and nerves, and prevents dehydration [4]. 
Furthermore, it is also involved in the immune surveillance and sensory detection processes [5, 
6].  
 
As the largest external organ in the body, human skin is daily exposed to several toxic 
substances and pathogens, which makes it an easy target to be damaged. Indeed, skin wounds 
are a major social and financial burden and their healing process is extremely complex 
consisting of a cascade of biological responses with different cell types and growth factors 
involved. The loss of skin integrity can occur due to genetic disorders, acute trauma, chronic 
wounds (e.g. venous, diabetic and pressure ulcers) or even surgical interventions [7]. However, 
thermal traumas like burns are one of the most common causes of major skin loss where 
different skin layers can be damaged and depending on the type of burn, the possibility of skin 
regeneration is unlikely [8]. Additionally, they can result in extensive and deep wounds that 
compromise immunity and body image, induce fluid losses and scarring, and ultimately 
significant disability or even patient death, causing not only physical but also emotional and 
mental consequences [5, 9]. 
 
Based on the World Health Organization (WHO) data over 300 000 deaths are annually 
attributable to fire-related burn injuries, with high incidence in low and middle-income countries 
(LMICs), where resources to treat and manage injuries are scarce or unavailable [10-12]. 
Fortunately, the mortality rate due to burns has been reduced over recent decades especially in 
high-income countries (HICs) where improved data gathering systems, new and more stringent 
legislation (e.g. use of smoke detectors, installation of sprinkle systems, development of safer 
buildings), social marketing and advocacy have been implemented. Moreover, advances in the 
treatment and care of burn patients have also had a huge contribution for lowering the burn 
mortality rates. These good results have been achieved due to the intensive and helpful work of 
worldwide scientists in the research of new and better dressings with suitable properties that 
allow to cover the vast types of burned wounds and also make the healing process less painful 





Despite there are several commercial available wound dressings, scientists continue to search 
for new or improve the currently available systems. Herein, our focus was to develop hydrogel-
based asymmetrical dressings and drug delivery systems with highly controlled morphology 
toward the ideal wound dressing and able to mimic the native structure of skin, by taking 
advantage of the unique properties of supercritical fluid (SCF) technologies. We believe that our 
research could contribute for the continued reduction of mortality rate associated with burns. 
Furthermore, due to the low economic status of LMICs, the use of sustainable, low-cost and 
greener methods on the development of well-designed drug-loaded dressings could be 




1.2. Burn wound evaluation 
 
According to the US Wound Healing Society, a wound can be described as a result of a 
“disruption of normal anatomic structure and function” of the skin [16, 17]. The evaluation of skin 
burned wounds is mainly done taking into account two aspects: the depth and the total percent 
surface area injured (TBSA %). Along with the extent of burn and patient’s age, burn depth is a 
primary determinant of mortality following thermal injury. Burn depth is also the primary 
determinant of the patient’s long term appearance and function [18, 19]. 
 
Burn wound depth (Figure 1.1) has traditionally been divided into three levels according to skin 
anatomy: first degree burns or epidermal injuries, second degree burns or dermal injuries and 
third degree burns or sub dermal injuries. Nowadays, a two level nomenclature is used giving 
more importance on treatment strategies: partial thickness burns (including epidermal and 
superficial dermal injuries) and full thickness burns (including deep second degree and sub 
dermal burns) [20, 21]. In the case of epidermal injuries only the epidermis is affected, it is not 
required specific surgical treatment and skin regenerates rapidly, within 2-3 days, without any 
scarring. Superficial partial-thickness wounds affect the epidermis and superficial parts of the 
dermis, with epidermal blistering and severe pain accompanying this type of injury, especially in 
the case of thermal trauma. These wounds heal within 2 weeks. On the other hand, deep-
dermal injuries involve damage of a larger area of dermis that results in the destruction of skin 
appendages, like hair follicles and sweat glands and, usually, take more than 3 weeks to heal. 
Finally, in full-thickness injuries all epithelial-regenerative elements are completely destroyed, 
making the wound healing process more difficult. This type of wounds cannot regenerate by 
their own and may lead to extensive scarring, resulting in limitations in joint mobility and severe 

































Figure  1.1. Schematic representation of skin structure in relation to burn wound depth terminology 




1.3. Wound healing process 
 
The repair of epidermal, superficial partial-thickness, deep partial-thickness and full-thickness 
wounds are one of the most dynamic, interactive and difficult processes that occur during 
human life [16, 25, 26]. It involves complex interactions between extracellular matrix (ECM) 
molecules, soluble mediators, various resident cells (fibroblasts and keratinocytes) and 
infiltrating leukocyte subtypes. They act together to reestablish the integrity of the damaged 
tissue and replace the lost one [16, 27, 28]. To achieve this goal, the wound healing comprises 
five overlapping stages: hemostasis, inflammation, migration, proliferation and maturation [16]. 
These can be summarized in three main phases, i.e., hemostasis and inflammation (typically 
are classified together, being regarded as just one phase), new tissue formation (or 
proliferation) and tissue remodeling [25, 27]. A time dependent schematic representation of the 
wound healing process stages is shown in Figure 1.2. Unless there is a severe arterial 
hemorrhage, hemostasis is achieved, initially, by the formation of a platelet plug, followed by a 
fibrin matrix deposition that becomes a scaffold for infiltrating skin cells (platelets and 
neutrophils) [25, 29-31]. The inflammatory phase begins almost simultaneously with 
hemostasis, sometimes from within a few minutes of injury to 24 h and lasts for up to 3 days. It 
plays a central role in wound healing, not only by protecting the wound from invading microbes, 
but also by participating in the tissue repairing processes [16, 32, 33]. In this phase, 
components of the coagulation cascade, inflammatory pathways and immune system are 
needed to prevent ongoing blood and fluid losses, to remove dead and dying tissues and also to 
avoid infection [25]. The second stage of wound healing, which occurs between 2-10 days after 
injury, is characterized by fibroblast migration, deposition of the ECM and formation of 
granulation tissue [25, 34]. Remodeling is the last step of normal acute wound healing, also 




3 weeks after injury happened and lasts for a year or more [25, 28, 30]. Despite the importance 
of all the wound healing stages, the inflammatory phase is the most important one, since in burn 
wounds there is an expansion of the initial necrosis deeper into the tissue. After the initial injury, 
that leads to a progressive delay of wound re-epithelization and excessive formation of exudate, 
responsible for edema, it is imperative to use burn dressings to avoid progressive necrosis and 
exuberant inflammation [35]. Additionally, early wound closure decreases the severity of 
hypertrophic scarring, joint contractures and stiffness, and promotes quicker rehabilitation. 
Consequently, early healing is also a paramount for good aesthetic and functional recovery. For 
a suitable wound closure, the dressing used should present healing-based properties able to 
promote the restoration of the integrity of the damaged tissue as soon as possible [36]. 
 
 
Figure 1.2.  Schematic representation of the three main stages of skin wound healing process: 




1.4. Tissue-engineered skin constructs 
 
Extensive skin loss is still a significant challenge to clinicians. Nowadays, the clinical “gold 
standard” in full-thickness injuries treatment is autologous skin graft. However, healthy tissue 
donor sites are extremely limited. Allografts arise as possible therapeutic alternatives, but their 
use depends on availability at the skin banks, religious grounds, viral diseases screening and 
standardized sterilization in order to reduce risks for patients [37]. This highlights the critical 
need for better technologies for wound care [38]. During the last decades a huge effort has 
been made to make the wound healing process less painful and faster. To do so, patient safety, 
clinical efficiency and convenience to be handled and applied and the ability to mimic the native 
properties of skin have been regarded during the development of new wound dressings [16, 22]. 
Today, as a result of such intense research, a myriad of skin substitutes exists and some of 
them are already available to be used in the clinic. These bioengineered cell-free as well as cell-
containing skin substitutes offer protection from fluid loss and contamination, while delivering 














wound healing. Furthermore, wound dressings can be used as temporary coverings, until an 
autograft is available, or remain in the wound during healing or even thereafter [37, 39-41].  
 
Depending on wound severity, epidermal, dermal and epidermal/dermal substitutes are 







) seek to restore the epidermal layer of skin. In general, the 
available epidermal substitutes are expensive, difficult to handle due to their thin and fragile 
nature, are unable to treat third degree burn wounds and their production is time consuming 






) are biomatrices that fulfill all 
the requirements of the dermal layer, being able to repair full-thickness skin defects, affecting 
both epidermis and dermis, and improve scar quality. These substitutes are also capable of 
preventing wound contraction, conferring mechanical support, and are available with different 
thickness and compositions. However, they cannot efficiently replace the dermal and epidermal 
layer and for some of them, further research is warranted to fully characterize side effects. 






) are the most advanced skin 
constructs available for clinic use. They contain keratinocytes and fibroblasts within their 3D 
matrix, gathering the potential to regenerate both the epidermal and dermal layers of skin. 
However, they have high production costs and some cases of immune rejection have been 
reported for this type of skin substitutes [41, 42]. 
 
Nowadays, advanced skin regeneration strategies combine biomaterials, cells, growth factors 
and modern biomanufacturing techniques to produce constructs that mimic skin anatomy and 
promote the regeneration of healthy and vascularized tissues. Despite the great advances 
attained in the area of skin tissue engineering, even the cutting-edge skin substitutes developed 
so far, do not incorporate many of the innate features of native skin, such as glands, dermal 
microvascularization, pilosity and other specialized cells that are responsible for the perception 
of heat, cold, pressure, vibration, pain and pigmentation. Moreover, the elasticity and strength of 
the native skin have not been attained until now [30, 43]. Recent studies in skin tissue 
engineering combined stem cells with gene recombination [44]. Due to their intrinsic 
characteristics, genetically modified stem cells can be used to produce and deliver cytokines 
and growth factors to the wound bed overcoming drawbacks such as physical inhibition and 
biological degradation of bioactive molecules that occur when they are administered topically.  
 
In addition, other 3D matrices aimed at wound healing were also used as vehicles for nucleic 
acids. Kobsa et al., produced electrospun polymeric meshes, composed by poly(L-lactide) 
(PLA) and polycaprolactone (PCL), that were loaded with plasmids encoding for keratinocyte 
growth factor (KGF). Such types of meshes allowed an improvement in the wound re-
epithelization, keratinocyte proliferation and production of granulation tissue [45]. 
 
More recently, efforts have been made to develop asymmetric membranes trying to mimic full-




skin and suitable properties for a better wound healing process as it will be described in the next 
section. Regarding the available skin substitutes presented on Table 1.1, just the 
epidermal/dermal substitutes present an asymmetric geometry. The epidermal and dermal 
layers correspond to the dense skin and sponge-like inner layers of the asymmetric 
membranes, respectively. Usually the porous matrix of the epidermal/dermal substitutes is 
composed by collagen, hyaluronic acid, fibronectin or other ECM proteins. A bandage made of 
silicone is normally used to form the thin upper layer to protect the wound from moisture loss 
and infection. However, it is possible to produce epidermal/dermal substitutes with an integral 
structure, i.e., without the need to use a bandage to perform the dense skin layer. To improve 
the device properties according to the aimed biomedical application, several healing-trigger 
polymers can be used and different and more sustainable production methods may be applied 
[46-49]. This Chapter comprises a comprehensive analysis of proposed solutions to develop 
asymmetric and topologically controlled membranes highlighting the main achievements of 









































Table 1.1. Tissue-engineered skin constructs commercially available. 





   
Epicel
®
  Cultured epidermal autograft (autologous 
keratinocytes grown in the presence of 
murine fibroblasts) 
Full- and partial-thickness burns and 






Cultured epidermal autograft (autologous 
outer root sheet hair follicle cells) 
 
Full- and partial-thickness burns and 







Sub-confluent autologous keratinocytes 
seeded on esterified laser-perforated 
hyaluronic acid matrix 
 
Full- and partial-thickness burns and 







Autologous oral mucosal cells on a fibrin 
matrix 
 








Cultured epidermal autograft (autologous 
keratinocytes grown in the presence of 
irradiated murine fibroblasts) 
 








Pre-confluent autologous keratinocytes 
delivered into a suspension for spray 
 








Human fibroblast derived skin substitute 
composed by a nylon mesh coated with 















Bioabsorbable polyglactin mesh scaffold 
seeded with human allogeneic nenonatal 
fibroblasts 
 








Acellular allograft human dermis 
 








Aldehyde-crosslinked porcine dermal 
collagen 
 








Micronized particulate acellular cadaveric 
dermal matrix 
 






Porcine collagen chemically bound to 
silicone/nylon membrane 
 
Temporary covering of partial-







Esterified hyaluronic acid matrix seeded 
with autologous fibroblasts 
 








Bovine dermal collagen type I, III, V and 
elastin 
 










  Thin silicone layer; cross-linked bovine 
tendon collagen type I and shark 
glycosaminoglycan (chondroitin-6-sulfate) 







Human allogeneic neonatal keratinocytes 
on gel-coated non-porous side of sponge; 
bovine collagen sponge containing human 
allogeneic neonatal fibroblasts 
 
Treat skin graft donor sites and mitten-






Human allogeneic neonatal keratinocytes; 
bovine collagen type I containing human 
allogeneic neonatal fibroblasts 
 
















Full- and partial-thickness burns and 








1.5. Asymmetric membranes as ideal wound dressings 
 
The first asymmetric membrane was produced with cellulose acetate using the phase inversion 
method, in the late 1950s by Loeb and Sourirajan, and was used in reverse osmosis [72, 73]. 
Since then, asymmetric membranes found applications in almost every industrial field, namely: 
micro/nano/ultra-filtration (MF, NF, UF), dialysis, gas separation, per-evaporation, waste water 
treatment, and more recently as wound dressings for skin injuries treatment [74-87].  
 







, which were impermeable and, consequently, did 
not allow exudate absorption, resulting in a delayed healing process. Subsequently, 




) appeared and allowed an effective 
drainage of wound exudate. However, these dressings were unable to avoid penetration of 
microorganisms and wound dehydration. Later, researchers came to the conclusion that the 
combination of both systems (occlusive and macroporous structures) would be the ideal as it 
could prevent the bacteria penetration, and at the same time, allow the exudate absorption and 
gaseous exchange. Thus, dressings consisting of a macroporous sub-layer or a hydrogel linked 







 belong to such type of dressings. Nevertheless, they also presented some 
drawbacks: limited drainage capacity, exudate accumulation, and the need for frequent 
substitution which leads to an increased risk of wound infection. To overcome these handicaps, 
around 1990s, Hinrichs et al., based on the work developed by Loeb and Sourirajan, designed 
for the first time an asymmetric membrane made of polyurethane (PU)  [47]. The asymmetric 
PU membrane presented an interconnected microporous top layer (pore size < 0.7 µm), able to 
prevent rapid dehydration of the wound surface and bacterial penetration, as demonstrated 
through in vitro bacteriologic test using Pseudomonas (P.) aeruginosa. Furthermore, the sub-
layer had a highly porous sponge-like structure containing micropores (pore size < 10 µm) and 
macropores (pore-size: 50-100 µm) that conferred high absorption capacity and enhance the 
tissue regeneration. Both layers acted also as drug release reservoirs while  allowing controlled 







, as described before [49, 88]. On Figure 1.3, a schematic representation of an 
asymmetric membrane is presented highlighting the properties that make them good candidates 



































Figure 1.3. Schematic representation of the possible roles of an asymmetric membrane in the wound 




As previously stated, the first asymmetric membrane was made of PU, which is a fully synthetic 
biodegradable material with uniform hard segments composed of butanediol and 1,4-
butanediisocyanate and soft segments of DL-lactide, ε-caprolactone and polyethylene glycol 
(PEG). It has been used in wound healing due to its biocompatibility, mechanical (e.g. flexibility) 
and hemostatic properties. The hydrophilic character of this material is responsible for attracting 
platelets and subsequently trigger the coagulation cascade [89]. In addition, asymmetrical 
membranes made of chitosan (CS) have also been produced. CS, a natural polymer that is 
obtained from the deacetylation of chitin, has been extensively used for wound dressing 
production, due to its intrinsic properties, e.g., antimicrobial activity, biocompatibility, 
biodegradability and hemostatic properties. CS surface is recognized by platelets, and in a few 
seconds the coagulation cascade starts with the protonated amine groups of CS attracting the 
negatively-charged residues on red blood cell membranes, resulting on a strong agglutination, 
thrombin generation and fibrin mesh synthesis within the microenvironment created by this 
polysaccharide [49, 88, 90-94].  Table 1.2 presents the different CS and PU asymmetric wound 









































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Although PU and CS asymmetric membranes present several properties (antimicrobial activity, 
biocompatibility, hemostatic properties, gas and water permeation) that satisfy the common 
requirements of an ideal wound dressing, only 8 articles have been published in the last twenty 
years [74, 76, 78-82, 88]. This can be explained by the disadvantages of the most common 
methods used (wet- and dry/wet - phase inversion techniques) to prepare asymmetric 
membranes. These relatively simple methods usually require the use of toxic solvents which 
can only be removed by additional purification steps during the production process. In addition, 
the number of polymers used on skin wound regeneration that can be processed through the 
wet- and dry/wet - phase inversion techniques is limited by their solubility on the solvents used – 
always sodium hydroxide-sodium carbonate (NaOH-Na2CO3).  This may be the reason why up 
to 1991, only CS and PU asymmetric membranes were reported for wound healing, as shown 
on Table 1.2. More recently, other methods such as supercritical carbon dioxide (scCO2)-
induced phase inversion technique and electrospinning started being used for the production of 
asymmetric membranes proving to be feasible alternatives to the conventional methods used 
hitherto as it will be discussed on the next sections of this Chapter and thesis. In the first 
technique, it is important that scCO2 do not dissolve the polymers used but remove the solvents 
where the polymers were dissolved while in the electrospinning technique the solvent used is 
the more suitable to dissolve the polymers. Thus, CS and PU polymers can also be processed 
with these two techniques being the most used solvents acidified solutions and organic solvents 
as dimethylformamide (DMF) and tetrahydrofuran (THF), respectively [95-100].  Furthermore, 
with these new methods other healing-based polymers for the production of asymmetric 
membranes have arisen as poly(vinyl alcohol) (PVA), polyacrylonitrile (PAN), polyethylene oxide 




1.6. Production methods of asymmetric membranes 
 
The phase separation process required to yield an asymmetric membrane can be induced by 
different techniques as shown in Figure 1.4: i) by directly immersing a polymer solution into a 
non-solvent bath, the wet method or immersion precipitation; ii) by evaporating a polymer 
solution for a time period and then immersing it in a non-solvent, the dry/wet method; iii) more 
recently, by using scCO2 to induce the phase separation, the scCO2-induced phase inversion 
technique; iv) and by using electrospinning to form self-assembled 3D electrospun constructs 
[76, 80, 84, 103, 104]. The first two methods have been the most used so far (the so called 
conventional methods) and the last two appeared as easy, green and less time-consuming 











Figure 1.4. Schematic representation of the different methods used to develop asymmetric membranes: 
i) wet phase inversion method, ii) dry/wet phase inversion method iii) scCO2 – induced phase inversion 

















1.6.1. Wet-phase inversion method 
 
The wet-phase inversion method was the first technique developed to produce asymmetric 
membranes. This simple method involves the immersion of a casting polymer solution in a non-
solvent coagulant bath, to promote membrane precipitation. The formation of a compact top 
cover with a porous sub-layer can be obtained through the delay of phase separation that takes 
place at the outmost interface region of the casting solution. When the membranes produced by 
wet-phase inversion, are to be used as wound dressings they present some limitations: the top 
layer formed is quite thin (less than 1 μm) and may present defects which limit the capacity to 
prevent excessive water vapor evaporation from the wound bed and compromise its barrier 
function against outside contaminants [46]. Lee et al [48] reported the use of wet-phase 
inversion method to produce PU-based asymmetric membranes which were tested as wound 
dressings, as shown in Table 1.2. However, to obtain a more compact and dense top layer, the 
authors have combined polymer-filler hybridization, by using acetic starch and PEG, with the 
immersion precipitation phase inversion. The water vapor transmission rate (WVTR) and the 




1.6.2. Dry/wet - phase inversion method 
 
The dry/wet-phase inversion method was adopted to overcome the defects observed on the top 
layer of the membranes produced by the wet-phase inversion method. To do so, researchers 
started to per-evaporate the casting solution before its immersion into the coagulation bath. 
With this per-evaporation process, the non-solvent diffuses to the outermost region of the 
polymeric casting solution allowing the formation of an integral and dense top layer able to 
protect the wound against outside contamination. However, this method requires at least one 
volatile solvent for the membrane forming polymer. Usually, the casting solution is heated in an 
oven for dry phase separation at 50 ºC for 10-60 min. After that, the underlying polymer solution 
with formed skin layer is immersed into a coagulation bath for 24 h (usually containing NaOH-
Na2CO3), inducing the wet-phase inversion by the diffusion of non-solvent into and solvent out 
of the polymer solution. Afterwards, the solidified membrane is soaked in distilled water and 
finally frieze-dried [46, 88, 94, 104].  
 
The dry/wet–phase inversion technique has been the most used method to produce asymmetric 
membranes composed of CS or PU.  In some studies, the incorporation of antibacterial agents 
as silver sulfadiazine [88, 94] and nano-TiO2 particles [46], was reported (please refer to Table 
1.2). In some cases the pore size of the top layer is not sufficient to avoid bacteria penetration in 
addition to biofilms formation. The introduction of antibacterial agents was a suitable 
achievement to fight such drawback.  In this process, the thickness of the skin layer increases 
with the increase of the evaporation time. This is explained by the re-dissolution of the solvent, 




layer with a sponge-like structure also decreases with longer evaporation periods, since the 
polymer solution becomes more concentrated [66]. The type of non-solvent used on the 
coagulation bath also influences the asymmetry of the membranes. It is known that a polar non-
solvent with low molar mass (e.g. methanol) tends to give a high overall porosity, and reduce 
the membrane thickness, while a less polar non-solvent (e.g. butanol) allows the formation of a 
very thick film and a more open porous sub-layer. This is due to the higher miscibility of polar 
non-solvents which promote an instantaneous demixing upon immersion of the casting solution 
in the coagulation bath. Furthermore, higher polymer concentrations reduce the porosity and 
finally induce the formation of a dense structure [105-107]. The possibility to form membranes 
with suitable porosity and thickness using this method allow for a faster and less painful wound 
healing process. Nevertheless, the dry/wet method often requires the use of additional post-




1.6.3. Supercritical fluids and supercritical CO2 – assisted phase inversion 
technique 
 
After its discovery in 1922 by Hermann Staudinger, polymers have become part of our lives 
[108]. In view of their importance in numerous applications, increasing attention is being given, 
not only to the synthesis, but also to polymer processing. As stated before, the traditional 
methods normally use environmentally hazardous volatile organic solvents (VOCs) and 
chlorofluorcarbons (CFCs). Due to the huge increment of VOCs and CFCs emissions and 
generation of aqueous waste streams, there is a growing interest in the development of 
alternative technological processes with minimized environmental impact, such as reduction 
energy consumption, less toxic residues, better use of by-products and also better quality and 
safety of final products. SCF technology is one of such methods used as processing solvents or 
plasticizers [109, 110].    
A fluid is termed supercritical when it is above the critical temperature (Tc) and pressure (pc) but 
below the pressure needed for condensation [111]. In general terms, SCF show liquid-like 
densities with gas-like transport properties and solvent power for several applications that can 
be continuously adjusted by changes in pressure and temperature [112].  
Several substances can be used as SCF as water, ethane, ethylene, propane, carbon dioxide 
(CO2), methanol and acetone [113]. However, in SCF technology, CO2 is the most common 
used solvent for a variety of chemical and industrial processes. It is a clean and versatile 
solvent and a promising alternative to VOCs and CFCs. It is non-toxic, non-flammable, 
chemically inert and inexpensive. Though it is abundant in the atmosphere, a large amount is 
also available in high-purity as a by-product from many processes including the fermentation of 
biomass (NH3, H2 and ethanol production). Its supercritical conditions are easily achieved (Tc = 
31.3 ºC and pc = 7.38 MPa) and it can be removed from a system by simple depressurization. In 
addition, the use of scCO2 does not create a problem with respect to the greenhouse effect as it 














scCO2 have found applications in a broad range of areas [117, 118] being the most popular the 
decaffeination of tea [119] and coffee [120] and the extraction of flavours [121], spices [122], 
and essentials oils [123, 124] from plants. More recently, this unique solvent has found 
considerable commercial interest in applications as diverse as dry cleaning [125], metal 
degreasing [126], polymer modification and polymerization [127-129] and pharmaceutical 
processing including drug impregnation [130-132]. 
 
Nowadays, scCO2-assisted processes have been proposed in tissue engineering field 
overcoming several limitations of the conventional biomaterials fabrication techniques (fiber 
bonding, solvent casting, particulate leaching, melt molding, gas foaming, freeze-drying, wet- 
and dry/wet-phase inversion) [133, 134]. Through the conventional techniques it is difficult to 
achieve: i) large porosity together with a control of the pore diameter, connectivity and 
mechanical resistance; ii) large porosity together with the nanometric surface that enhances 
cells adhesion and growth; iii) complex 3D symmetric or asymmetrical structures; iv) the 
removal of toxic solvents that are retained deep inside the structure [135]. By using SCF 
technologies as scCO2-assisted phase inversion technique, supercritical gel processing and 
scCO2-assisted electrospinning, biomaterials with the aimed morphology can be obtained 
thanks to the modulability of CO2 mass transfer properties, characteristic of dense gases and 
the specific thermodynamic behavior of gas mixtures at high pressure. Additionally, an efficient 
solvent elimination can be obtained due to the high affinity of scCO2 with almost all the organic 
solvents. Furthermore, short processing times are possible, taking advantage of the enhanced 
mass transfer rates [135].  
 
When scCO2-induces the demixing of a polymeric solution forming a porous membrane the 
method is often denominated as scCO2-assisted phase inversion method. Herein, CO2 acts as a 
solvent, extracting the solvents used for preparing the casting solution, and as a non-solvent, for 
the polymers. The scCO2 solubilizes in the casting solution promoting the removal of solvent 
from the polymer solution and, subsequently, the membrane formation through the polymer 
precipitation, as it is observed in Figure 1.4 (iii). The properties of the membranes can be 
modified by changing the concentration of the casting solution, the ratio of non-solvent/solvent, 
the pressure, the temperature and the depressurization rate. The relative affinity of a polymer 
and solvent can be assessed by comparing the solubility parameters [136]. It allows the 
production of porous matrices by the induction of nucleation and growth of bubbles inside the 
polymer stimulating the porous growth. Furthermore, it can allow the production of materials 
with high degree of swelling and transparent membranes in a wet state, which is useful to be 
used as wound dressings. It overcomes the several disadvantages of chemically crosslinking 
gels since it does not need the use of organic solvents that are difficult to be removed [137-
139]. 
Furthermore, it allows the production of dry, clean, ready-to-use and stable membranes with 
short processing times, unlike those produced by wet and dry/wet-phase inversion methods that 




For instance, Temtem and co-workers [99] have explored this technique for the production of 
CS devices using moderate temperatures and three environmentally acceptable solvents 
(water, ethanol and CO2). They also have demonstrated that the scCO2-induced phase 
inversion technique allowed a single-step strategy in the preparation of an implantable antibiotic 
system by co-dissolving gentamicin with CS and the solvent. These membranes were also 
biocompatible allowing the adhesion and proliferation of human mesenchymal stem cells 
(MSC). The obtained results provided a starting point for the “green” design and production of 
CS-based materials with potential applications in tissue engineering and regenerative medicine, 
as well as drug delivery. In a similar study [143] it was investigated the feasibility on the 
fabrication of porous crosslinked CS hydrogels in an aqueous phase using dense gas CO2 as 
foaming agent. Glutaraldehyde and genipin were used as crosslinkers and CS hydrogels were 
obtained with a highly porous biocompatible skeleton with an average pore diameter of 30-40 
µm. Furthermore, the produced hydrogels exhibited a comparable mechanical strength and 
swelling ratio compatible with its application for soft tissue (skin and cartilage) engineering 
regeneration.  
 
The preparation of membranes using supercritical-fluid-assisted methods, implies the use of 
specialized and robust high-pressure apparatus as the one designed by Temtem et al. (2008) 
[144]. The heart of the apparatus is a stainless steel high-pressure cell which can stand 
pressures up to 60 MPa. The cell includes a  porous structure that supports a bed of Rasching 
rings inside to allow the homogeneous dispersion of CO2 through the casting solution as it is 
schematically represented in Figure 1.4 (iii).  
Taking advantage of the additional parameters that the scCO2-assisted phase inversion method 
offers for controlling the morphological properties of the polymeric membrane, asymmetrical 
PVA/CS membranes were recently developed and their performance as skin wound dressing 
was evaluated, one the of the main achievements attained in this thesis project and well 
discussed on the following Chapters [103]. The concentration of the casting solution and the 
depressurization rate (fast or slow) were the key factors to obtain the desired membrane 
structure. Nevertheless, when all the parameters described before are well established, an 
asymmetrical membrane is easily and directly formed in just 4 h instead of the 24 h needed 
when using conventional methods. To the best of our knowledge it was the first time that 
asymmetric membranes for skin wound regeneration were developed using supercritical fluids. 
The technique can be also extended for the production of other polymeric membranes using 
different polymers and incorporating different bioactive agents on the top and bottom surfaces. 
 
The events that lead to the membranes’ formation, i.e. thermodynamic interactions between 
polymer/solvent/non-solvent and the concentration/phase changes that occur during phase 
inversion (the ratio of the solvent outflow to non-solvent inflow) are often visualized using the 
ternary phase diagram (Figure 1.5) developed in the late 1950s by Tompa and used in the early 














represents each pure component (the polymer – PVA/CS, the solvent – acidified water, the non-
solvent – scCO2 + ethanol), the axes represent the three pseudo-binary systems and any point 
located inside the diagram represents a mixture of the three components. In the liquid + fluid 
region a primary (binodal curve) and a secondary envelope (spinodal curve) enclose demixing 
boundary. Both curves coincide at the critical point and the region between them corresponds to 
a metastable state. Two different mechanisms have to be considered as far as liquid-liquid (L-L) 
demixing is concerned: nucleation/growth and spinodal decomposition. The structures obtained 
and pore dimension are dependent on the path followed through the ternary diagram. The 
arrows numbered from 1 to 4, in Figure 1.5, report the different composition paths that can 
occur during membranes formation [99, 147]: 
 
1 Increasing of polymer concentration since the outflow of the solvent from the solution is 
faster than the inflow of the non-solvent. The phase inversion does not occur and the 
polymer solidifies by gelation into a dense structure. 
2 The ternary polymer solution becomes metastable. Cellular structure by nucleation and 
growth of droplets of the polymer-rich phase. 
3 The ternary polymer solution becomes unstable. Bicontinuous structure due to spinodal 
phase separation. 




















Figure 1.5. Hypothetical ternary phase diagram for the system polymer / solvent / non-solvent with the 
various composition paths indicated by arrows and numbers and the typical membrane structures obtained 





Considering the formation of asymmetric membranes through scCO2-assisted phase inversion 
technique the simultaneous presence of a dense top layer and porous (cellular) inner layer 
indicates that the competition between two different mass transport mechanisms occurs during 
membrane formation process. A hypothetical mechanism that may describe the asymmetry 
formation in the PVA/CS membranes is the following one: in a first step, the solvent (acidified 
water) outflows from the solution before the scCO2 can cause the phase separation leading to 
polymer accumulation and the formation of the dense skin layer. Subsequently, the solvent 
outflow is stopped by the dense layer formation, and scCO2 with ethanol (co-solvent) diffuses 
inside the remaining solution extraction the solvent and causing the L-L phase separation above 
the critical point leading to the cellular structure in the inner layer (path 2 schematically 
represented in Figure 1.5) [99, 147].  
 
However, and as stated previously, the asymmetry and the inner morphology of the membranes 
can be easily changed taking into account the several process parameters. Matsuyama et al. 
[148, 149] used scCO2-assisted phase inversion process to produce and analyze the effect of 
several process parameters (temperature, pressure and polymer concentration) on the 
asymmetry of PS membranes [148] and the influence of a kind of solvents used in the formation 
of asymmetrical cellulose acetate membranes [149]. They observed that as the pressure 
increased from 8 to 16 MPa (maintaining the temperature (35 ºC) and casting solution 
concentration (20 wt%)), both the pore size (in the upper and bottom layers of the membrane) 
and the membrane thickness increased. The increase of CO2 incorporation leads to the 
decrease of the solution viscosity due to polymer concentration decrease, resulting in higher 
membrane porosity. As the polymer concentration increased, the overall membrane thickness 
increased because of the higher amount of polymer. Finally, as the temperature increased, the 
asymmetry becomes more pronounced. As general, the pores are more isolated at the top 
surface because the polymer concentration becomes higher due to the evaporation of solvent 
before CO2 introduction and the dissolution of the solvent in the scCO2 phase. More recently, 
Reverchon et al. [147] have performed a similar study by testing the versatility of the scCO2-
assisted phase inversion process on the formation of PVA/dimethylsulfoxide (DMSO) 
asymmetrical membranes. Polymer concentration, temperature, pressure and the affinity 
between scCO2 and solvent continued to be the key parameters to obtain an asymmetrical 
structure. Regarding the affinity between scCO2 and solvent, they observed that when acetone 
(with higher affinity to scCO2 than DMSO) is added to the procedure, the skin layer thickness 
decreased since the phase-separation process is faster, limiting the outflow of the solvent. In 
addition to the processing conditions previously described, in our work it was found that the 
depressurization rate is also a key parameter to obtain the PVA/CS membranes with the 
desired structure, in addition to casting solution concentration [103]. As already observed by 
Temtem et al. [136] higher rates of depressurization produce larger pores, i.e. in a slow 
depressurization the CO2 diffuses slowly out of the polymer phase (not affecting the polymer 
structure), while for a fast depressurization a large amount of CO2, dissolved in the polymer, 














1.6.4. 3D self-assembled dressings produced by electrospinning technique 
 
Electrospinning is a very well-established method for preparing structures for tissue engineering 
purposes. The technique allows the production of electrospun nanofibrous membranes with a 
similar structure to that of native ECM [150], as a result of charging and ejecting a solution 
through a spinneret under a high voltage electric field (up to 30 kV). Different natural and 
synthetic materials have already been used in the development of nanofiber wound dressings 
such as alginate, cellulose, chitin, collagen, CS, dextran,  gelatin, hyaluronic acid, PCL, PLA 
and poly(L-lactic acid) (PLLA), PVA, among others [151-153]. This reveals that this technique 
allows the use of a huge variety of polymers when compared to the other techniques presented 
above.  
 
However, the electrospun materials are usually obtained as 2D flat non-woven meshes with 
dense fiber packing limiting the cells penetration into the materials and compromising in some 
degree the tissue regeneration. In fact, cells adhesion, proliferation and differentiation in a 3D 
scaffold behave differently from 2D flat surfaces. The third dimension improves cell-cell 
interactions, cell migration and morphogenesis, and supports a cell density higher than 2D 
structures. The interconnectivity within the 3D construct allows a controlled exchange of 
nutrients and metabolites [154, 155]. Generally, there are four main strategies for the production 
of 3D electrospun fibrous macrostructures: (a) increasing spinning time; (b) assembly by post-
processing of 2D electrospun structures (e.g., folding, layer-by-layer electrospinning, sintering, 
mechanical expansion); (c) direct assembly by an auxiliary factor (e.g., a 3D template, liquid 
collector) and (d) by self-assembly [156-159]. Nevertheless, the strategies (a), (b) and (c) are 
time-consuming (normally takes from 20 min to 24 h to form a well-defined 3D structure) and 
require additional support. Self-assembly allows a rapid growth of 3D constructs, by controlling 
some parameters during the electrospinning process as solution concentration/viscosity, 
electrostatic field and ambient humidity, without human intervention, which otherwise will be 
expensive, slow and complex.   
 
Recently, T. Reis et al. [160] developed and described the production process of 3D PCL 
electrospun constructs by self-assembled with asymmetric geometry as can be seen in Figure 
1.4 (iv). The self-assembled process, which results from the electrostatic forces between 
polarized and aerial fibers, leads to a compact arrangement of micro-assembled fibers (MAFs) 
on the top side of the membrane that can improve the contact with the wound and absorbs the 
wound exudate allowing the new tissue growth, and an extremely smooth surface with random 
deposited fibers on the bottom side that with further modifications can protect the wound against 
outside contamination [160, 161]. Furthermore, the electrospun membranes are produced in a 
dry, clean and ready-to-use state, similarly to the ones obtained by scCO2-assisted phase 
inversion method. PCL allows good adhesion, growth, viability, morphology and mitochondrial 




investigated using other polymers such as PAN, PVA, PEO, and PS, but none of them were 
developed envisaging the application as wound dressing [101, 102]. 
 
The main advantages and disadvantages of the methods described above and that were used 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.7. Required properties for asymmetric membranes to be applied as 
wound dressings 
 
When an asymmetrical membrane is intended to be used as a wound dressing, its intrinsic 
properties have to be evaluated [48, 49, 88]. These properties include i) morphology; ii) water 
uptake ability (swelling) and hydrophilicity (contact angle analysis); iii) WVTR and O2 
permeation; iv) elasticity and tension at brake; v) bacterial activity; vi) in vitro drug release 
profiles (when a biologic active agent is intended to be loaded in the dressing); and vii) in vitro 
and in vivo cytotoxicity studies. Table 1.4 comprises a summary of all the techniques usually 




1.7.1. Morphology and porosity of the membranes 
 
The study of cell behavior (adhesion and proliferation) in the presence of biomaterials is crucial 
to know whether tissue regeneration will be enhanced or not [163]. The materials surface 
morphology and porosity are usually characterized using scanning electron microscopy (SEM) 
and mercury intrusion porosimetry, two of the most important physical properties controlling cell 
behavior. Pores interconnectivity, evaluated through water flux permeability studies, is also an 
important factor as it enables cells to penetrate through the porous membrane and the diffusion 




1.7.2. Water uptake ability (swelling) and contact angle analysis 
 
An ideal dressing must also have the ability to absorb excessive exudates from the wound 
beds. Materials with a high water uptake capacity and consequently hydrophilic character, allow 
the diffusion of nutrients, cells, bioactive molecules and waste [167]. In general, commercially 







exhibit low fluid absorption ability i.e. in the range of 31-46% (weight gained), due to their dense 
structure, which limits their applications to wounds with low exudate production. In fact, an ideal 
dressing normally present water absorption in the range of 100-900% and high wettability 
(materials usually display a contact angle lower than 90º) [46, 168]. For asymmetric membranes 
such characteristics rely on the porosity presented by the membrane’s sub-layer which usually 
ranges from 60% to 90%. Mi et al., on a study that reported the production of asymmetrical CS 
membranes by dry/wet-phase inversion technique, revealed that these membranes presented 
lower water uptake capacity due to the decreased porosity of the sponge-like porous layer. The 
reported studies also showed that the water uptake capacity of the membranes produced 
through the dry/wet-phase separation method falls with the increase of evaporation time, in the 
“dry” phase separation process [88]. When the scCO2-assisted phase inversion technique is 














membranes, the water uptake ability depends essentially on the materials used, i.e. on the 
hydrophilic or hydrophobic character of materials. Electrospinning methods, by allowing the 
random deposition of fibers, originate membranes with a high surface “open” area, that present 




1.7.3. Water vapor transmission rate and oxygen permeation analysis 
 
The WVTR across the top surface of the membrane, determines the wound moist environment 
which is crucial to the healing process [46, 48, 49, 171]. In fact, an excessive WVTR results in a 
rapid water loss, leading to dehydration of the wound and to the possible dressing attachment to 
the injured skin. On the other hand, a low WVTR might cause the exudate retention and the 
buildup of a back pressure, that leads to maceration of the healthy tissue surrounding the 
wound, inducing pain to the patient [46, 171]. Considering that the WVTRs for normal skin, first 





day, respectively, it is recommended that wound dressings having WVTRs values in the range 




 day, which is half of the value presented by granulating wounds, provide 
an adequate moisture and prevent exudate accumulation [46]. However, in practice, some of 









 present WVTR of about 285, 76, 491 
and 792 g/m
2
 day [46, 172-174]. 
It is important to notice that the WVTR depends on the structural properties (thickness and 
porosity) of the dressing as well as on the chemical properties of the material from which it is 
made [103]. The WVTR of asymmetrical membranes rises with the increasing porosity of the 
sponge-like inner layer and the diffusion of water molecules slows down with increasing 
thickness of the dense skin layer [49]. WVTR can also be influenced by external conditions like 
the environmental relative humidity (RH) and temperature [175].  
 
The permeability of oxygen (O2) across the membrane is another important property for the 
wound healing process. O2 is an essential nutrient for cell metabolism, especially for energy 
production and for reparative processes like cell proliferation and collagen synthesis. In 
addition, recent discoveries highlighted a new role of O2 in wound healing via the production of 
reactive oxygen species (ROS) (such as free radicals and H2O2) by wound-cells specialized 
enzymes. These ROS contribute as cellular messengers to promote processes that support 
wound healing including cytokine action, angiogenesis, cell motility, and ECM formation. Low O2 
concentration at the wound compromises the function of the enzymes in the oxygen conversion 
and, consequently, leads to an impaired healing. As previously described in several studies, 
wound dressings which allow a suitable gas microcirculation are clinically preferred, since CO2 
accumulation leads to a localized pH decrease that leads to wound irritation, while an hypoxic 
environment decelerates the regeneration of peripheral tissues, or even allow anaerobic 






 day [94, 176-179]. Although most of the authors de-prioritize CO2 permeation through 
the dressings, since no recommendation is available for this parameter, others consider that the 
permeability of dressings to carbon dioxide may also be clinically important. CO2 has a critical 
role in the maintenane of body’s pH buffer system, which is maintained at 7.35-7.45 in the blood 
and tissues. The respiratory system regulates the pressure of CO2 in the body at about 40 
mmHg at 37ºC and the skin being relatively impermeable to CO2 helps on the maitainance of 
the pCO2 constant in the body. However, when a wound occurs the skin barrier is compromised 
and the CO2  pressure decreases. On the other hand, once a dressing is in place, the flow of 
CO2 from tissues will begin to accumulate under the dressing, and the pCO2 will begin to 
increase. If a dressing permeable to O2 is used (one of the main requirements to have a suitable 
gas permeation), it will also be permeable to CO2 (since the kinetic diameter of CO2 (~0.330 nm) 
is lower than the kinetic diameter of O2 (~0.343 nm)), and consequently the CO2 pressure in 
blood and tissues will not remain constant (~40 mmHg). In order to maintain a beneficial 
pressure of CO2, some studies proposed the use of carbon dioxide as an aerosol propellant or 
co-propellant applied to the wound dressings [180-182].    
 
As previously stated WVTR depends on the porosity of the sponge-like inner layer and on the 
thickness of the top dense skin layer, while the O2 flux is significantly controlled by the top 
dense skin layer since the size of the pores available on the sublayer are usually fully 
permeable to O2. Therefore increasing the thickness of the top dense skin layer significantly 
decreases the gas flux [49, 88]. The optimization of these two parameters (thickness and 
porosity) is thus a key factor to allow a suitable gas flux permeation and also to prevent wound 
dehydration and exudate accumulation. 
 
The asymmetric membranes produced through conventional methods (namely, wet- and 
dry/wet-phase inversion), present skin layers, in the range 5-10 µm of thickness, that allow a 
suitable balance between WVTR and gas permeabilty. The asymmetric CS membranes 
produced by Mi et al. (2001) had a dense skin layer of about 6.5 µm and a sponge-like inner 
layer with 74% of porosity. These membranes presented a WVTR, O2 permeablity and water 
uptake ability of 2376 g/m
2
 per day, 644 L/m
2
 per day and 320 %, respectively, which are in the 
range of the desired values of an ideal wound dressing. Furthermore, the sub-layer of the 
studied membranes presented pores that had the adequate size (about 10-100 µm) to transport 
O2 molecules into the wound [46, 49, 88, 94, 183].  
Other asymmetrial dressings present the so called finger-like voids, that allow oxygen 
transportation across the membrane, without demanding gas exchange between or through the 
pores available in the membrane [184]. On the other hand, in order to avoid bacteria penetration 
(as it will be discussed on section 1.7.5.), the top dense skin layer could have pores with a 
mean diameter smaller than bacteria (< 0.5 µm). Nevertheless, a membrane with an integral 
















1.7.4. Mechanical properties analysis 
 
The design of a wound dressing with specific mechanical properties must consider its final 
application: whether they will be used topically (to protect cutaneous wounds) or for internal 
wound support. In addition, the wound dressing should be flexible but, simultaneously, stable 
and strong enough to cover the wound surface along the healing period. It must present an 
easy handling during wound’s coverage, maximizing patient comfort and convenience [48, 171]. 
In the literature, it is described that the Young’s modulus or elastic modulus (the substance’s 
resistance to being deformed elastically) of the skin varies between 0.42 and 0.85 MPa for 
torsion tests, 4.6 and 20 MPa for the extension tests and between 0.05 and 0.15 MPa for the 
suction tests. However, these values can vary with several factors like age, skin colour, previous 
lesions and genetic heritage [185]. The Young’s modulus showed by wound dressings is 





1.7.5. Antimicrobial activity of wound dressings 
 
The capacity of wound dressings to protect the wound from infection, acting as a barrier against 
microorganism penetration, is another property that has to be fully screened during wound 
dressing development. The asymmetric morphology of membranes is essential to avoid 
microorganism penetration, since the size of the pores available at the dense skin layer is 
usually smaller than bacteria. Despite the fact that asymmetrical membranes act as a barrier for 
microorganisms, some bacteria may colonize upon the dressing and the surrounding healthy 
tissue, and then migrate into the wound, triggering infection after injury. To avoid such 
drawback, antibacterial agents can be added to the membranes, to further improve the intrinsic 
antimicrobial properties of some polymers, like CS [46]. Silver sulfadiazine (AgSD) has been 
incorporated in wound dressings to prevent wound infection [88, 186-188], although, concerns 
about the potential silver toxicity have been raised. Other antimicrobial agents have also been 
investigated like: Nano-TiO2 [46]; different Southern Thailand medicinal plant formulas as well 
as their medicinal plant components [189]; peptide-morpholino oligomer (PMO) conjugates 
targeted to S. aureus gyrase A mRNA [190] and some antibiotics (vancomycin, daptomycin, 
linezolid, clindamycin and doxycycline) [191].  
Recently, biocompatible antimicrobial agents oligo(2-methyl-2-oxazoline) and oligo(2-
bisoxazoline) quaternized with N,N-dimethyldodecylamine have been used against S. aureus 
and E. coli, the most common and dangerous pathogens in burn injuries [192, 193]. The results 









1.7.6. In vitro drug release studies 
 
In addition to antimicrobial agents and drugs, future research and development in the area of 
bioengineered skin constructs will most likely be focused on the delivery of growth factors, DNA 
and microRNA (miRNA) to prevent and mitigate inflammation, and to improve tissue 
regeneration by stimulating healthy healing responses with the minimum final scar formation. 
Indeed, gene therapy has been suggested as ideal for chronic wound treatment where limited 
duration of target gene expression is required. Usually, in these cases, growth factors encoded 
in DNA plasmids are entrapped into the biomaterial to be topically applied on the wound. 
However, these active agents, which are expensive, have not been included so far in 
asymmetric dressings being a thematic that must be further considered, to improve the 
performance of these wound dressings [164, 175, 194-197]. On the other hand, anti-
inflammatory agents have been incorporated to minimize the inflammatory phase during the 
wound healing process. For example, ibuprofen was successfully loaded into PVA/CS 
asymmetrical membranes herein produced [103]. For wound healing purposes the anti-
inflammatory drugs should be at least released during the first twelve hours after injury, which 
corresponds to the peak of inflammatory phase. Nevertheless, the pharmacokinetic behavior of 
the drug is dependent on its interaction with the polymer, structure and swelling behavior of the 




1.7.7. In vitro and in vivo cytotoxic studies 
 
Finally, to assess the applicability of the wound dressing for the envisioned biomedical 
application, the cytocompatibility should first be evaluated through in vitro studies, using 
appropriate cell line models. In this context, the in vitro studies enable the pre-screening of the 
hazard effect of various chemical compounds that are aimed at skin regeneration, before animal 
models are used [40]. In vitro studies were initially performed using two-dimensional monolayer 
cultures of human cells, although, they were unable to reproduce cell-cell and cell-ECM 
interactions. To overcome such handicap, new three dimensional cell culture techniques have 
been developed to allow the interaction of different types of cells and between them and the 
surrounding matrix [198, 199]. Conversely, in vivo assays are used to fully monitor the wound 
healing process and to evaluate local and systemic immune response through histological 
analysis [200, 201]. Nevertheless, results gained from experiments conducted with animal 
models are often limited due to the metabolic variances and anatomical architecture structure of 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































1.8. General aims and research plan of this thesis 
 
As reported along this Chapter and based on the works already reported in the literature, it is 
possible to conclude that asymmetrical membranes composed by different types of polymers 
can be developed using scCO2 technologies, despite the old conventional methods. However, 
few studies related with the development of asymmetrical membranes through scCO2-assisted 
phase inversion technique have been thoroughly reported thus far and even less described the 
use of this technique to produce asymmetrical membranes for skin wound regeneration. 
Probably, this can be due to the need of specialized and robust high-pressure apparatus, 
qualified people with know-how in high-pressure techniques and the small amount of 
information on the scientific media concerning the production of membranes with a highly 
controlled morphology using a faster and non-residue method. 
In order to stress the potential of SCF technologies on the development of asymmetrical 
membranes to be used as wound dressings, following the good practices of wound-
management for a faster and less painful healing process, the present doctoral project had 
three main goals: 
 
1. Development of hydrogel-based asymmetrical wound dressings, able to mimic the 
native structure of skin, through a non-residue, green, fast, non-expensive and non-
labor intensive method: scCO2-assisted phase inversion; 
2. Design and production of drug-loaded carriers with sustained ibuprofen (IBP) release 
profile; 
3. Evaluation of the drug-loaded asymmetrical membranes and the effect of IBP in the 
wound healing process. 
 
In order to pursue the general objectives of the Ph.D. work, different research studies were 
carried out and presented as individual Chapters for a better understanding from the reader. 
Four Chapters (1-4) constitute the main body of this Ph.D dissertation. Chapter 1 and 4 present 
a general introduction and the conclusions and future prospects of the research work 
developed, respectively. Chapters 1 and 2 have already been published in peer reviewed 
international journals and Chapter 3 was submitted for publication at the time this thesis was 
completed. The Chapter presentation order does not perfectly reflect the chronological order of 
the manuscripts’ publication. Each Chapter is preceded by a title page describing the reference 
of the publication, the poster and/or oral communications related with the developed work (if 
applicable) and the personal contribution of the author of this thesis in each work. Additionally, 
besides the Ph.D dissertation includes a general introduction and conclusions, each Chapter 
presents extensive and specific introduction, discussion and conclusion sections. 
















Below is a brief description of the contents of each of the Chapters, in order to answer to the 
general aims of this Ph.D. dissertation:  
 
Chapter 1. This Chapter highlights the motivation of this work and intends to provide the reader 
information about the incidence of burn-related wounds in the world and the importance of 
continuing to search for better systems that are able to mimic the skin native structure and 
enable the complete restoration of skin integrity. It also reviews the state of the art about the 
production of asymmetrical membranes, highlighting the several advantages of scCO2-assisted 
phase inversion and electrospinning techniques in comparison with the conventional wet- and 
dry/wet-phase inversion methodologies. Moreover, the required properties that an asymmetrical 
membrane should present to be applied as wound dressings, is extensively described. 
 
Chapter 2. This Chapter describes the development and characterization of asymmetrical 
PVA/CS hydrogel-based membranes to be used as wound dressings through scCO2-assisted 
phase inversion technique.  
 
Chapter 3. This Chapter describes the incorporation of drug-loaded carriers in order to obtain a 
sustained drug release from the hydrogel-based PVA/CS asymmetrical membranes (described 
on Chapter 2). Additionally, it demonstrates the performance of the developed systems and the 
effect of a simple non-steroidal anti-inflammatory drug (IBP) in the wound healing process, by 
the induction of transcutaneous full-thickness wounds in Wistar rats.  
 
Chapter 4. This Chapter provides a global overview of the subjects addressed throughout all 
the other Chapters, highlighting the main results and conclusions achieved. New research 
questions are proposed based on the current limitations of the available materials and future 
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2. Poly(vinyl alcohol)/chitosan asymmetrical membranes: highly 






Asymmetrical membranes have been reported as ideal wound dressings for skin regeneration. 
The usual methods (dry/wet-phase inversion) to produce those specific membranes are time 
consuming, and in the majority of the cases demand the use of harmful organic solvents. In this 
study, scCO2-assisted phase inversion method was applied to prepare PVA/CS asymmetrical 
membranes. This technique can tailor the final structure of the dressing by tuning the 
processing conditions allowing the development of high porous materials with optimized 
morphology, mechanical properties and hydrophilicity. The PVA/CS dressings produced are 
recovered in a dry state but can form a hydrogel due to their high water uptake ability 
maintaining the moisturized environment needed for wound healing. The dressing presents a 
top thin layer of about 15 µm that allows gaseous exchange while barriers the penetration of 
microorganisms, and a sponge bottom layer able to remove excess exudates. A mathematical 
model based on Fick’s second law of diffusion was developed to describe the pharmacokinetic 
release profile of a small drug (ibuprofen) from the swollen membrane in physiological 
conditions that mimic the wound. In vitro studies revealed that the dressings had excellent 
biocompatibility and biodegradation properties adequate for skin wound healing.  
 







Human skin is the first line of defense against all sorts of environmental assaults. This complex 
organ plays highly specialized functions, such as protection of the organism against toxins and 
microorganisms, body temperature regulation, support to blood vessels and nerves, and 
prevents the dehydration of all non-aquatic animals [4, 5, 9, 88]. Furthermore, it is also involved 
in the immune surveillance and sensory detection processes [5, 6]. If the skin is damaged, a 
complex and painful wound healing process, comprising three main steps (wound edges 
contraction, epithelialized scar formation and tissue regeneration) begins [164].  
To minimize the damage and the risk of infection during the healing process and to promote the 
restoration of the integrity of the damaged tissue the wound should be coated [165]. Currently 
there are several commercially available wound dressings made from a wide range of synthetic 
and natural materials including PU (e.g. PolyMem
®
) or polysaccharides such as starch (e.g. 
Iodosorb
®
), respectively. This abundance of wound dressings is related not only with the 




[203, 204]. Furthermore, the ideal dressing is the one that must protect the wound from physical 
damage and micro-organisms, be comfortable, compliant and durable, be non-toxic, non-
adherent, and non-irritant, allow gaseous exchange, allow high humidity at the wound, be 
compatible with topical therapeutic agents and be able to allow maximum activity for the wound 
to heal without retarding or inhibiting any stage of the process [86]. 
Asymmetrical polymeric membranes have demonstrated to be promising wound dressings for 
the treatment of skin wounds since they present the most required characteristics of the ideal 
ones [88]. This type of membranes contain a dense surface skin layer and interconnected 
micropores designed to protect the wound and dehydration of the wound surface but allows the 
drainage of wound exudate. On the other hand, the sponge-like sublayer is designed to achieve 
high adsorption capacity for fluids, drainage of the wound by capillary and enhancement of 
tissue regeneration [49]. During these years several asymmetrical membranes have been 
developed to be used as wound dressings. CS [90] and PU [46, 48] have been the most used 
polymers to produce those types of membranes. Until now, the dry/wet-phase inversion method 
was the most used to produce asymmetrical membranes [142]. However this technique 
presents some disadvantages: it requires high levels of organic solvents and sometimes high 
temperatures. The presence of residual organic solvents is being rigorously controlled by 
international safety regulations, so it is required to warrant the complete removal and absence 
of these substances. Furthermore, a long drying process (12-48h) has to be performed, which 
can lead to the collapse of the porous structure as well discussed on Chapter 1 [205]. 
 
In this work, scCO2-assisted phase inversion method is proposed for the first time as an 
alternative technique to produce asymmetrical membranes for skin wound healing. Besides 
being a green technology, it can form solvent-free membranes with short processing times and 
no collapse of the structure. Furthermore, scCO2-assisted phase inversion allows the production 
of dry, clean and ready-to-use membranes with highly controlled morphology (by changing the 
pressure, temperature and/or depressurization rate) and reduces the solvent recovery costs. 
The process does not require additional post-treatments and any potential organic solvent used 
can easily be removed [99, 140, 141]. 
PVA and CS were the polymers chosen to produce the wound dressings for different reasons: 
PVA is a water-soluble synthetic material very attractive for producing membranes due to its 
good chemical and thermal stability, biocompatibility, biodegradability and adequate resistance, 
on the other hand CS is a natural polysaccharide readily available from the deacetylation of 
chitin and due to its demonstrated hemostat and antimicrobial properties has been commonly 
indicated in the treatment of skin wounds. The use of these two polymers has also been 
reported as suitable drug delivery systems [147, 165, 206-208]. 
In this work, a wound dressing system prepared from PVA/CS asymmetrical membrane was 
developed using a non-residue technology. A detailed characterization in terms of morphology, 
water uptake ability, water vapor permeability, mechanical properties and biocompatibility was 














dimethyldodecylamine (OMetOx-DDA) was used as a contact-active antimicrobial agent, 
synthesized and grafted on PVA/CS asymmetrical membranes’ surface combining plasma 
surface activation and SCF technology. This antimicrobial agent was thoroughly studied and 
synthesized for the first time by Correia et al. (2015) for water purification [209]. OMetOx-DDA 
efficiently killed S. aureus cells upon direct contact, preventing biofilm formation. Moreover the 
in vitro pharmacokinetic release profile of IBP was studied in order to evaluate the mass transfer 
properties of the loaded matrix in conditions that mimic the wound physiological media [175]. To 
better understand mass transfer mechanism of the drug release from the membrane, the 
experimental data was modeled using a realistic mathematical model based on the Fick’s 
second law of diffusion which has been broadly and successfully applied in the literature [210] 








CS (75-85% deacetylated, medium molecular weight: 190-310 kDa), PVA (Mw = 89-98 kDa, 
99% hydrolyzed), (S)-(+)-Ibuprofen (Mw = 206.28, 99%), absolute ethanol, glacial acetic acid 
(purity ≥99%), phosphate buffered saline (PBS), tris(hydroxymethyl)aminomethane (Tris), 
sodium acetate, ammonium sulfate ((NH4)2SO4), potassium acetate (CH3COOK), monomer 2-
methyl-2-oxazoline (MetOx, purity>98%), 2-isopropenyl-2-oxazoline (IsoOx, purity>99%), 
initiator boron trifluoride diethyl etherate (BF3.OEt2), LB Broth, kanamycin, Dulbecco’s modified 
Eagle’s medium (DMEM-F12) and resazurin based in vitro toxicology assay kit were purchased 
from Sigma-Aldrich (Sintra, Portugal). Agarose (low melting point-ultrapure grade) was acquired 
from Nzytech (Lisboa, Portugal). N,N-dimethyldodecylamine was purchased from Fluka (Sintra, 
Portugal). Human fibroblast cells (Normal human dermal fibroblasts adult (NHDF), 
cryopreserved cells) were purchased from PromoCell (Labclinics, S.A.; Barcelona, Spain). Fetal 
bovine serum (FBS) was purchased from Biochrom AG (Berlin, Germany). Carbon dioxide was 
obtained from Air Liquide with 99.998% purity. All materials and solvents were used as received 




2.3.2. Membrane preparation 
 
Membranes were produced following a procedure already described in detail elsewhere [136, 
144]. Different casting solutions of PVA and CS were prepared: 17.25 wt% (87% PVA / 13% CS 
and 77% PVA / 23% CS), 13 wt% (67% PVA / 33% CS) and 9 wt% (50% PVA / 50% CS). Both 
polymers were dissolved in acidified water (1% acetic acid) and loaded into a stainless steel cap 
(with a diameter of 68mm and 1.5mm height) and placed inside the high pressure vessel. The 




controller (Hart Scientific, Model 2200) that maintains the temperature within ±0.01 ºC. A non-
solvent flow was added using two Gilson piston pumps (models 305 and 306) until the desired 
pressure was reached and the operation was performed in a continuous mode with a flow rate 
of 5 mL/min. The non-solvent was a binary mixture of 90% CO2 and 10% ethanol (co-solvent) 
with a constant composition. After reaching the normal operational pressure (20 MPa), the 
supercritical solution passes through a back pressure regulator (Jasco 880-81) which separates 
the CO2 from the acidified water used in the casting solution. The pressure inside the system 
was monitored with a pressure transducer (Setra Systems Inc., Model 204) with a precision of 
±100 Pa. 
All the experiments were performed at 20 MPa and 45 ºC with a non-solvent (CO2 + ethanol) 
flow of 5 mL/min during 120 min. After this time period, a pure CO2 flow of 10 mL/min was 
passed through the high pressure cell to wash the structures and remove the excess of ethanol. 
At the end, the system was depressurized at three different rates: fast (4min), medium (10 min) 




2.3.3. Membrane characterization 
 
The morphological properties of the membranes were characterized using SEM in a Hitachi S-
2400, with an accelerating voltage set of 15 kV. The membrane samples were frozen and 
fractured in liquid nitrogen for cross-section analysis. All samples were coated with gold before 
analysis. The tensile properties of the membranes were tested with a tensile testing machine 
(MINIMAT firm-ware v.3.1) at room temperature. The samples (n = 5) were cut into strips with 
15mm × 5mm. The length between the clamps was set as 5 mm and the speed of testing set to 
0.1 mm/min A full scale load of 20 N and maximum extension of 20 mm were used. 
Measurements were performed with dried membranes, membranes soaked in PBS solution 
overnight before testing, as well as membranes soaked in three different solutions at different 
pHs during 21 days changing the pH as each seven days (1-7 days: Tris 0.1 M, pH 8; 7-14 
days: PBS 0.1 M, pH 7.4; 14-21 days: sodium acetate 0.1 M, pH 5). Load extension graphs 
were obtained during testing and converted to stress and strain curves applying the following 
equations: 
 
Stress =    
 
 
              Equation 2.1 
 
Strain =    
  
 
            Equation 2.2 
 
where F is the applied force; A the cross-sectional area;    the change in length; and L is the 














The porosity of the membranes was determined by mercury intrusion porosimetry 




2.3.4. Water vapor permeability 
 
Water vapor permeability (WVP) studies were done following a procedure already described in 
detail elsewhere [211] with slight modifications. The WVP was measured gravimetrically at 30 
ºC. The membranes were placed in a glass dish with a diameter of 5 cm and placed in a 
desiccator containing a saturated salt solution and equipped with a fan to promote air 
circulation. Room temperature and RH inside the desiccator were monitored over time using a 
thermohygrometer (Vaisala, Finland). Two different driving forces were imposed. In the first one, 
a saturated (NH4)2SO4 solution was used inside the glass dish (RH = 81%), placed in a 
desiccator containing a saturated CH3COOK solution (RH = 22%). The WVP was measured 
using membranes conditioned previously at a relative humidity of 81%. The second driving force 
tested was imposed using a saturated NaNO2 (RH = 65%). The water vapor flux was 
determined by weighing the glass dish in regular time intervals for 8 h. Three independent runs 
were performed. Mann-Whitney U Test and Factorial ANOVA were used to perform the 
statistical analysis between the values obtained. Computations were performed using a 
MYSTAT 12 statistical package (Systat Software, a subsidiary of Cranes Software International 
Ltd.) [165, 171]. 
 
The WVP was calculated using the following equation: 
 
WVP = 
     
       
                       Equation 2.3 
 
in which, Nw is the water vapor mass flux,   is the film thickness and  Pw, eff  is the effective 
driving force, expressed as the water vapor pressure difference between both sides of the 
membrane. Other equations used are described in detail by Alves et al (2011). 
 
The WVTR was calculated using the following equation: 
 
WVTR = mass / (area) (time) = (P/L) (Pw) (RH),                               Equation 2.4 
 
were, P is the water vapor permeability, L is the membrane thickness, (P/L) is the water vapor 
transfer rate (or permeance), Pw is the saturated water vapor pressure at the experimental 
temperature and (RH) is the difference of relative humidity between inside atmosphere and 






2.3.5. Water uptake and contact angle analysis 
 
The swelling tests were performed in order to determine the membrane’s water uptake ability. 
Dry membranes samples were weighted and immersed in 15 mL Tris solution at pH 8 and 35 
ºC. Periodically, the samples were removed from the swelling medium, wiped to remove 
excessive water of the surface and weighted. After 24 h, when the mass of membranes reached 
a plateau value, the samples were transferred to a pH 5 medium (sodium acetate solution) at 35 
ºC. After another 24 h, a new plateau was reached, and the samples were transferred to the pH 
8 medium. Thus dynamic swelling and shrinking was studied during 1 week. Equilibrium 
hydration or swelling degree W (%) of the samples was determined as defined by Equation 2.5: 
 
W (%) =  
     
  
                            Equation 2.5 
 
where Wd is the weight of the dried sample and Ww is the weight after immersion. 
 
As a complementary study, membranes hydrophilicity was evaluated through the measurement 




2.3.6. Membrane degradation studies 
 
The biodegradability of PVA/CS membranes were studied in vitro over 21 days by changing the 
pH at each seven days: (1-7 days: Tris 0.1 M, pH 8; 7-14 days: PBS 0.1 M, pH 7.4; 14-21 days: 
Sodium acetate 0.1 M, pH 5). After the specific time intervals, the samples were taken out from 
the solutions, washed with distilled water, freeze-dried and placed in the solution at different pH. 
The weight was measured before and after each freeze-drying step. 
 
2.3.7. Contact-active antimicrobial agent 
 
2.3.7.1. Membranes surface activation with plasma technology 
 
Membrane surface activation was performed following a procedure already described in detail 
elsewhere [209] with slight modifications. PVA/CS asymmetrical membranes were activated by 
argon plasma treatment, in a radio frequency plasma reactor (Plasma system FEMTO, version 
5), for further grafting with OMetOx-DDA in scCO2. Membrane samples were introduced in the 
plasma chamber which was purged with a continuous flow of argon to reduce trace amounts of 
air and moisture. Samples were placed on top of a porous network in order to assure a 
homogeneous activation of all superficial area, top and bottom. During the treatment, the argon 














of 60 W was applied during 30 min. Afterwards, the plasma chamber was ventilated and the 




2.3.7.2. Membranes grafting with ammonium quaternized oligo(2-methyl-2-oxazoline) 
 
Ammonium quaternized oligo(2-methyl-2-oxazoline) was grafted onto membranes surface 
according to the method described by Correia et al. (2015). Briefly, the previous weighted 
membranes and the monomer IsoOx were loaded into a 33 mL high-pressure cell, sealed and 
immersed in a thermostated water bath at 65 ºC and then CO2 was pumped into the system 
until the desired pressure, 28 MPa, was attained. The high-pressure cell was divided in two 
compartments by using a macroporous structure in order to avoid any contact between 
membrane samples (in the top compartment) and monomer (placed in the bottom 
compartment). scCO2 was used as a solvent to carry the monomer to the activated polymeric 
substrates. The reaction was allowed to proceed for 24 h. After that period of time, membrane 
samples were thoroughly washed with fresh CO2 to remove unreacted monomer.  
After the initial grafting step, the monomer MetOx was added to the high pressure reactor 
together with the initiator BF3.OEt2. The reaction took place at 23 MPa, 65 ºC during 20 h. In the 
end, a tertiary amine was added to the reactor and the reaction occurred at 25 MPa, 65 ºC 
during 20 h. To finalize all the procedure, fresh CO2 passed through the high-pressure cell in 
order to wash the membrane samples and to remove all unreacted components. In all the 
reactions, it was assumed that the yield was 100% and monomer was added in excess to 




2.3.7.3. Determination of bacteria viability  
 
S. aureus ATCC 25923 bacterial strain was used to evaluate the antimicrobial properties of 
OMetOx-DDA grafted onto PVA/CS membranes. S. aureus (1x10
6
 colony-forming units 
(CFU)/mL) were inoculated in culture medium (LB Broth) in presence of PVA/CS-OMetOx-DDA 
membrane samples (n=5), in 96-well plate, and incubated for 24 h, at 37 ºC. A negative (without 
membranes) and a positive control (containing kanamycin antibiotic (30 mg/mL)) were also 
prepared. For monitoring bacterial growth, 10 µL of resazurin 0.1% (w/v) was added to each 
well and, after 24 h, the fluorescence was measured using a fluorescence plate reader with filler 




2.3.7.4. Evaluation of biofilm deposition at PVA/CS membranes surface 
 
S. aureus proliferation at membranes surface was also evaluated by SEM analysis [167, 212]. 
PVA/CS and PVA/CS-OMetOx-DDA membrane samples with approximately 1 cm
2
 of superficial 






CFU/mL), without any other antimicrobial agent. Then, the Petri plate was incubated for 24 h, at 
37 ºC. After, the morphologies of PVA/CS membranes with/without the bacteria strains were 




2.3.8. Cytotoxicity assays 
 
2.3.8.1. Proliferation of human fibroblast cells in the presence of membranes 
 
To evaluate NHDF growth in the presence of PVA/CS membranes, cells were initially seeded in 




 per well and using 
as culture medium DMEM-F12 supplemented with FBS, for 3 days, at 37 °C under a 5% CO2 
humidified atmosphere. Samples were previously sterilized using UV irradiation during 30 min. 
The cell growth was monitored using an Olympus CX41 inverted light microscope (Tokyo, 




2.3.8.2. Characterization of the cytotoxic profile of the membranes 
 
NHDF cell viability in the presence of sterilized dressings (4 mg/mL) was evaluated by resazurin 
assay (n=5). Firstly, 4 x 10
4
 cells per well were seeded in contact with the materials and then, 
after 1 and 3 days of incubation at 37º C under a 5% CO2 humidified atmosphere, the culture 
medium was removed and replaced by a mixture of 100 μL of fresh culture medium and 10 µL 
of resazurin 0.1% (w/v) in 5% CO2 humidified incubator, for 24h, at 37ºC. Fluorescence of 
metabolized resazurin was measured using a Gemini EM spectrophotometer at an 
excitation/emission wavelength of λ=545/590nm, respectively [213]. Wells containing cells in the 
culture medium without materials were used as negative control (K
-
). Ethanol (96%) was added 
to wells that were used as a positive control (K
+




2.3.9. Drug impregnation in scCO2 environment 
 
PVA/CS membranes were impregnated with IBP using scCO2 in batch mode following reported 
conditions [132, 215]. Drug impregnation experiments were performed at 40 ± 0.1 ºC and 25 
MPa within 20 h, in a 33 mL high-pressure cell with a macroporous support that divides the cell 
in two compartments to avoid the physical contact between the drug and the samples. IBP was 
placed in the bottom compartment, under the porous support with a magnetic stirrer bar, and 
with a concentration that was enough to obtain medium saturation, at the pressure and 
temperature favorable for impregnation of the drug. The membrane samples were put on the top 















2.3.10. In vitro drug release experiments and mathematical modeling 
 
Drug release studies from PVA/CS membranes were performed using a permeation cell that 
maintains the top surface of the dressing exposed to environmental conditions and the bottom 
exposed to the release solution in order to simulate local in vivo release within a burn-wound 
environment [88]. To do so, the membranes were suspended in 65 mL of Tris 0.1 M solution 
(pH 8) and 1 mL aliquots were withdrawn periodically and the same volume of fresh medium 
was added to the suspension. The studies were performed at 35 ºC in a shaking water bath. 
The amount of IBP present in each sample was quantified by UV spectroscopy at its maximum 
absorbance (λ = 264 nm) by external standard calibration. The total mass of released drug in 
each moment of the experiment was calculated taking into account the aliquots taken and the 
dilution produced by addition of fresh buffer. 
The IBP release was modeled using a mathematical model based on the Fick’s second law of 
diffusion for thin slabs. The diffusion of a drug from a thin film with negligible edge effects (high 
surface area : thickness ratio) is given by Equation 2.6 [210]. 
 
   
  
      
 
  
           
   
  
            Equation 2.6                       
where    and    are the concentration and the diffusion coefficient of the migrating species (i =1 
for the penetrant solvent, i=2 for the drug) at a time t and spatial position z, respectively. At the 
beginning of the experiment, it is assumed that the membrane is solvent free and the drug is 
homogenously dispersed in the initial spatial coordinate    with an initial concentration   . At the 
membrane-solution interface, z = x(t), the penetrant concentration is considered to be at 
equilibrium    , and the drug concentration is equal to 0. For simplicity we only have modeled 
half thickness of the membrane, thus assuming an ideal and isotropic diffusion. 








t > 0                             z = x(t)    Equation 2.8 
 
t > 0             
   
  





The solution of the equation Equation 2.6 is not straightforward due to the movement of the 
membrane thickness caused by the swelling process. It is important to take into account the 
membrane volume changing since it results in the increasing of the drug diffusing path and the 
sudden decreasing of the local drug concentration in the membrane. Hence the solution of the 
Equations 2.6-2.9 can be solved by using the “fronting-fixing method” where the position of the 
interface is fixed by applying the transformation of          [216]. With these new space 
variables the diffusion domain            is transformed into a fixed domain,        . Using 
the chain rule for the partial differential equations for the new function                     we 
have: 
 
   
  
      
 
    
   
  
       Equation 2.10 
    
   
      
 
     
    
   
       Equation 2.11 
   
  
       
 
     
  
  
   
   
  
      
   
  
       Equation 2.12 
Introducing the above equations into equation diffusion (Equation 2.6), we now have the 
following convection-diffusion equation: 
 
   
  
       
 
     
 
  
           
   
  
       
 
    
   
  
     
  
  
                                Equation 2.13 
 
The dependence of the diffusivity with the penetrant concentration was introduced by the 
following relationship [217]: 
 
              
 β    
       
   
 
                                                                                 Equation 2.14 
 
In Equation 2.14,    is a dimensionless constant that describes the diffusivity dependency of the 
penetrant solvent and drug upon the degree of membrane swelling and       are the diffusion 
coefficients of solvent and drug in the fully swollen membrane.  
The variation of the membrane thickness      was monitored experimentally during the swelling 
studies using a micrometer and it was correlated with the following equation. 
 
               
                                                                                    Equation 2.15 
 
The values of β
 
 and       were determined by adjusting Equations 2.13-2.15 to the 
experimental data obtained in the solvent uptake swelling studies while the values β
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The partial differential equations were converted on a set of algebraic differential equations 
(DAE´s) using Finite Differences Method implemented in gPROMS (general PROcess Modeling 
System). A fourth order central finite difference method is used to discretize the spatial domain 
and the set of DAE’s are integrated over time using the implicit DASOLV [218] solver which is 
based in the backward-difference formula. The process of fitting parameters was also performed 
using gPROMS software using the built-in formulation centered in the maximum likelihood 




2.4. Results and Discussion 
 
2.4.1. scCO2 phase inversion technique in the development of asymmetric 
membranes 
 
As described previously, the main goal of this study was to prepare asymmetrical PVA/CS 
membranes which can fit the basic requirements of an ideal wound dressing using scCO2 
technologies, despite the old conventional methods. Indeed, a membrane with a dense skin top 
layer that can protect the wound from physical damage and infection, can act as a drug release 
reservoir and control the gaseous exchange in addition to presenting a sponge-like inner layer 
useful to absorb the wound exudate and promote space for tissue regeneration is the suitable 



















Meanwhile, the dry/wet-phase separation process is time-consuming requiring the evaporation 
of the volatile solvent for dry phase separation and the solvent-non solvent exchange for wet-
phase separation. The evaporation of the volatile solvent allows the rate for solvent loss and 
polymer coagulation that forms the asymmetrical structure which turns this process very 




membranes using a more sustainable technology as scCO2-phase inversion technique. ScCO2 
and ethanol are used as anti-solvents for the polymers used and for the acidified water, 
respectively. For membranes production several parameters must be controlled to obtain the 
desired structural characteristics, in particular the polymers used, the concentration of the 
casting solution, the composition of the co-solvent and the pressure, temperature and 
depressurization rate [99, 136]. In this work, most of the above parameters were fixed except 
the depressurization rate (4, 10 and 30 min) and the composition of initial casting solution that 
varied from 17.25 wt% (87% PVA / 13% CS and 77% PVA / 23% CS) to 13 wt% (67% PVA / 
33% CS) and 9 wt% (50% PVA / 50% CS) .  
It was observed by SEM images that from the different compositions studied a well-defined 
asymmetry is obtained for a polymer solution composed by 17.25 wt% (87% PVA / 13% CS) 
with a depressurization rate of 10 min (Figure 2.2). The morphology of the others solutions 














Figure 2.2. Scanning electron micrographs of 17.25 wt% (87% PVA / 13% CS) membranes surface, 




Observing Figure 2.2, it is possible to see that with a fast depressurization rate (4 min) different 
pore sizes can be obtained and a dense skin top layer is not visible as it can be seen in the 














homogeneous inner layer and a porous bottom layer can be obtained. Nevertheless, the dense 
skin layer is larger using a depressurization of 10 min than 30 min, being the 17.25 wt% (87% 
PVA / 13% CS) with a depressurization of 10 min the elected membranes to be used as wound 
dressings. From this conclusion, all the subsequent studies presented are focused on the 
different properties between the membranes composed by 17.25 wt% (87% PVA / 13% CS) 




2.4.2. Water uptake and contact angle analysis 
 
The water uptake ability of the membranes was assessed at 35 ºC and at two different pHs, 5 
and 8, during 4 days in order to visualize if there is any influence of the pH on membranes’ 
swelling degree. These two pHs were chosen taking into account the protocol followed on a 
clinical trial that studied the skin pH variations from the acute phase to re-epithelization in burn 
patients treated with new materials during 22 days (the normal time for a wound to heal) [220]. 
The study revealed that, independently of the therapy administered, the skin pH was found to 
be around 8, 30 minutes post-burn, continuing to rise until day 4 reaching a peak of 10. 
Afterwards, it progressively decreases as the burn zone gradually re-epithelializes returning to 
the normal skin pH around 5 by day 22. The membranes herein developed present shape-
memory behavior with highest swelling degree at pH 5 due to the protonation of CS amino 
groups which occurs predominantly at pH lower than  pKa (pKa (CS) =  6.5 [221]) of chitosan 
(Figure 2.3A). This swelling behavior is an advantage when considering the pH profile of the 
skin: i) by wetting  the membrane at pH 5 (when the swelling is higher) some soluble bioactive 
agents can be entrapped; ii) then, when the membrane is put onto the wound (which has a 
basic pH in the first stages of the healing) the bioactive agents can be delivered over time due 
to the shrinking of the material simultaneously expelling water maintaining a suitable 
moisturized environment; afterwards, the pH of the skin becomes acidic and the swelling degree 
of the membranes will allow the removal of the exudates of the wound, one of the required 
characteristics of the ideal dressings.    
 
Regarding the membranes’ morphology, the PVA/CS membranes depressurized in 10 min 
(PVA/CS_10min) present higher swelling degree than the ones depressurized in 4 min 
(PVA/CS_4min). This can be explained by the internal structure of those membranes. The 
evaluation of pores size and porosity by mercury porosimetry revealed that both membranes 
present similar porosities, around 40%, however different average pore diameter as shown in 
SEM images (Figure 2.1). The PVA/CS_10min have lower pore diameter (0.0995 μm) than the 
membranes depressurized in 4 min (0.2516 μm). Nevertheless, the PVA/CS_10min, present 
pores homogeneously distributed and also a porous bottom layer while the PVA/CS_4min, 
although having higher pore diameter, they present similar porosity and large dense sections 





The contact angle analysis was assessed using glycerol in order to mimic the viscosity of the 
wound exudate [160]. In Figure 2.3B it is possible to confirm the high hydrophilicity of the 
membranes since the contact angles were smaller than 90º, reaching around 20º, 2 min after 
weeping with the glycerol droplet. Furthermore, the asymmetry of the PVA/CS_10min 
membranes is now evidenced due to the slightly difference on the contact angles of both 
membranes. The dense skin layer of PVA/CS_10min membranes hampers the crossing-over of 
the glycerol drop justifying the higher contact angle. This high hydrophilicity allows the formation 
of hydrogel-like membranes when in contact with the wound exudate allowing a high humidity at 






Figure 2.3. (A) Swelling behavior of PVA/CS_4min (▲) and PVA/CS_10min (Δ) membranes at different 




2.4.3. Water vapor permeability 
 
As described previously, one of the most important requirements of an ideal wound dressing is 
to perform a moist environment at the wound which must therefore be determined by the water 
uptake ability of the dressing and the WVTR through the dressing [171]. It is described that an 
excessive WVTR may lead to wound dehydration and adherence of the dressing to the wound 
bed caused by rapid water loss, whereas a low WVTR might lead to maceration of healthy 
surrounding tissue due to exudate retention and buildup of a back pressure and pain to the 
patient [46, 171]. In this study the measurement of WVTR for PVA/CS asymmetrical 
membranes was performed at two different gradient of RH, 81 – 22% and 65 – 22% at T = 30 ± 
0.5 ºC in order to evaluate if there is any influence on membranes’ vapor permeability mimicking 
what happens in a real situation. As shown in Table 2.1, by decreasing the RH, a 2-fold 
decrease of WVTR occurs for both membranes. Indeed, there is a significant difference 
between the two RH% studied on WVTR, WVP and permeance (p < 0.05) for all membranes 
studied. Nevertheless, comparing the data obtained for each membrane in the same range of 














membranes. These results show that the difference on the membranes’ morphology does not 
have any effect on the water vapor ability of the dressings. It is explained by V. Alves et al., that 
there is a higher water vapor sorption coefficient at high RH, as it was observed in the results 
obtained. Furthermore, water diffusivity depends on the interactions between water molecules 
and the polymeric matrix. The water adsorbed acts as a plasticizer and loosens the matrix 
facilitating water diffusion. Consequently, it could be expected an increase of water diffusivity as 
the amount of adsorbed water increased.  
 
It was reported that the WVTRs for normal skin, first degree burns, and granulating wounds are 




 day, respectively. Furthermore it was 




 day, half 
the loss of granulating wounds, would be sufficient to give adequate moisture and prevent 
exudate accumulation, as already explained on Chapter 1 [46]. However, in practice, the 













 and Op Site
®
 (Table 2.1) do not necessarily conform to this 
range. It is important to notice that the WVTR depends on the structural properties (thickness, 
porosity) of the dressing as well as the chemical properties of the material from which it is made 
[171]. Indeed, in the case of asymmetrical membranes, the water vapor adsorption increases 
with increasing porosity of the sponge-like inner layer and the diffusion of water molecule slows 
down with increasing thickness of the dense skin layer resulting in lower WVTR [49]. Not least, 
required WVTR can be influenced by external conditions like the environmental RH and 
temperature which determine the water vapor partial pressure driving force across the dressing 
[175]. Despite the produced membranes present low WVTR their high water uptake ability 
contrabalance these results allowing the absortion of wound exudate while maitaining a 
moisturized enviroment due to the hydrogel-like properties of the membranes at wet state.  
 
 
Table 2.1. Comparison of the water vapor transmission rate of different studied and commercially 


















 s Pa) 





81 – 22 214 ± 16 5.6 ± 0.8 9.9 ± 0.8  
PVA/CS_4min 65 – 22 105 ± 13 3.7 ± 0.3 6.6 ± 0.8 
Asymmetrical 
PVA/CS_10min  













Table 2.1. Comparison of the water vapor transmission rate of different studied and commercially 



















 s Pa) 
Comfeel (Coloplast A/S)  
[172-174, 222] 
22 - 49 285 ± 8 - - 
Dermiflex (Johnson-
Johnson)  [172-174, 222] 
22 - 49 76 ± 5 - - 
Duoderm CGF (ConvaTec 
Ltd) [172-174, 222] 
22 - 49 120 ± 19 - - 
Vigilon (+1 film) (Bard)  
[172-174, 222] 
22 - 49 50 ± 19 - - 
Polyurethane membranes 
with Nano – TiO2 [46] 
22 - 49 1258 – 2689 - - 
Tegaderm (3M)  
[46, 172-174] 
 
22 - 49 491 ± 44 - - 
Bioclusive (Johnson-
Johnson) [46, 172-174] 
22 - 49 394 ± 12 - - 
Op Site (Smith & Nephew) 
[46, 172-174] 




2.4.4. Membrane degradation studies and mechanical properties 
 
The  biodegradability of the membranes was studied over 21 days and using three different pHs 
(8, 7.4 and 5) that were changed at each seven days in order to mimic what happens in a real 
wound healing situation as explained before. As seen in Figure 2.4, there is a higher weight loss 
in the first seven days at pH 8 although it is not significant since the maximum weight loss is 
around 5% and 10% for PVA/CS_10min and PVA/CS_4min membranes, respectively. After 
those seven days, a stabilization on membranes’ weight is observed. The slightly difference on 
membranes’ weight loss that is more pronounced for PVA/CS_4min membranes can be due to 
the higher polymer weight loss per surface area of the dense sections present on the top and 
bottom of the membrane. Based on the results obtained so far (swelling studies, membranes’ 
morphology, biodegradability, and texture of the membranes) it is possible to obtain 
comfortable, compliant and durable wound dressings that need to be replaced less often during 
the treatment, contributing to decrease the suffering of the patient.  
 
The mechanical properties of a wound dressing are a crucial factor in its performance, whether 
it is to be used topically to protect cutaneous wounds or as internal wound support. 
Furthermore, the wound dressing should be flexible but strong enough to be handled during 































Figure 2.4. Structure stability of PVA/CS_4min (▲) and PVA/CS_10min (Δ) membranes at different pHs 




In the literature, the Young’s modulus of the skin varies between 0.42 and 0.85 MPa for torsion 
tests, 4.6 and 20 MPa for the extension tests and between 0.05 and 0.15 MPa for the suction 
tests. However, these values can vary with several factors like age, skin color, previous lesions 
and genetic factors [185]. The mechanical properties of PVA/CS membranes were assessed at 
dry and wet state (sample membranes were placed overnight in PBS at room temperature) in 
order to visualize the difference on membranes’ elasticity on both states and during 21 days by 
changing the pH at each seven days following the same procedure previously described for 
biodegradability studies.  
 
Observing Figure 2.5A, as it was expected, wet membranes showed higher elasticity (lower 
Youngs’ modulus) than dry ones since the latest are more fragile and slightly brittle. It is 
important to notice that the elongation at break for both dry membranes is around 20% while for 
wet PVA/CS_4min is around 200% and for PVA/CS_10min membranes the elongation at break 
is higher than the maximum displacement of the equipment. This difference on wet membranes 
is due to their inner morphology. As discussed before and though PVA/CS_4min present higher 
pore size they present more dense sections and lower water uptake ability which turns those 
membranes weaker than PVA/CS_10min membranes. Despite the Young’s modulus of dry 
membranes (around 7 MPa) being in the range of skin values for extension tests, the wet 
membranes revealed to be more promising due to their higher maximum tensile strength and 
elongation at break which would be advantageous on dressing changes allowing at the same 







Figure 2.5. (A) Young’s modulus (MPa) analysis of PVA/CS_4min and PVA/CS_10min membranes at 
dry and wet states; (B) Young’s modulus (MPa) analysis of PVA/CS_4min and PVA/CS_10min 





















7.1 ± 0.5 
 
1.5 ± 0.1 
1.7 ± 0.4 
 
2 ± 1 
20 ± 5 
 










7.4 ± 0.1 
 
0.96 ± 0.05 
0.7 ± 1.1 
 
> max. disp. equip.* 
   21 ± 2 
 




caprolactone) (50:50) mat [223] 




Electrospun gelatin mat [223] 
 
(49 ± 5) x 10 
 
2 ± 1 
 
17 ± 4 
 
BSA1 (composite polyglyconate 
mesh, coated with PDLGA porous 
matrix) [171] 
(13 ±3) x 10 24 ± 4 55 ± 5 
 
PU/ASt composite membranes [48] 
11 ± 1 5.1 ± 0.1 (4.8 ± 0.4) x 10
2 
 
 PU/PEG composite membranes [48] 
11 ± 1 8 ± 1 (4.5 ± 0.3) x 10
2 
    
 




Comparing with other studied wound dressings (at dry state) the membranes herein developed 
are more elastic, which is the result not only of the materials used but the further processing 
techniques (Table 2.2). In Figure 2.5B it is possible to see the pH influence on membranes 
Young’s modulus. Over the days the membranes turn more elastic due to their higher swelling 
ability at acidic pH as seen in Figure 2.3A. The Young’s modulus of PVA/CS_4min decreases 














biodegradation studies (Figure 2.4) PVA/CS_4min membranes lose more weight on the first 
seven days, reflecting on their mechanical properties. Once more, PVA/CS_10min membranes 




2.4.5. Antimicrobial activity performed by oligo(2-methyl-2-oxazoline) 
quaternized with N,N-dimethyldodecylamine 
 
As well described on Chapter 1, the ability of wound dressings to protect the wound from 
infection is a property that has to be fully screened during wound dressings’ development. 
Despite, an asymmetrical membrane presents a dense skin top layer that can avoid 
microorganism penetration (considering that the size of the pores available at the dense skin 
layer is smaller than bacteria), some bacteria may colonize upon the dressing and the 
surrounding healthy tissue, and then migrate into the wound, triggering infection after injury 
[224]. Some polymers, such as CS present intrinsic antimicrobial properties. It was shown by 
Miguel et al. (2014) that the antimicrobial activity of a CS/Agarose-hydrogel like dressing is 
dependent on CS concentration. Concentrations higher than 188 µg/mL exhibited antimicrobial 
activity, providing a defense barrier against S. aureus [46, 167]. However, many wound 
dressings developed do not contain any polymers with antimicrobial activity or in other cases 
the concentration of antimicrobial polymers used is insufficient to kill bacteria and avoid biofilm 
formation. To overcome such drawbacks, antimicrobial agents can be added to the membranes, 
being AgSD the most used to prevent wound infection, despite the potential silver toxicity [225-
228].   
 
In this study, a contact-active antimicrobial agent (OMetOx-DDA) was grafted upon PVA/CS 
membranes’ surface by using eco-friendly procedures as plasma and supercritical fluids 
technologies. As stated before, Correia et al. grafted and synthesized for the first time oligo(2-
oxazoline)s and studied the best monomer and amine quaternization to have a broad spectrum 
activity against different microorganisms comprising fungi and bacteria, while being 
biocompatible [192, 193, 209]. PVA/CS-OMetOx-DDA antimicrobial properties were firstly 
evaluated by disc diffusion technique and by determining the bacteria viability using S. aureus. 
The bacterial strain was deemed appropriate for performing this assay, since it is reported in the 
literature as the most common gram-positive pathogen found in skin infections, when 
biomaterials are used for wound treatments [229]. Figure 2.6A revealed the lack of a visible 
inhibition zone for both native and grafted PVA/CS membranes. Furthermore, the viability of 
bacterial cells after incubation with OMetOx-DDA-grafted membranes remained higher than 
80% (Figure 2.6B), independently of the depressurization rate of the membranes, which could 





















Figure 2.6. (A) Disk diffusion tecnhique with the aim to observe the zone of growth inhibition for S. 
aureus for native and gafted PVA/CS membranes (B) Determination of bacteria viability though rezasurin 
assay: a) Native PVA/CS_4min membranes, b) PVA/CS_4min membranes grafted with OMetOx-DDA, c) 




However, as observed through SEM images (Figure 2.7), there is a visible inhibition of bacterial 
growth when OMetOx-DDA is present. These results are indicative of a contact-active killing 
mechanism, i.e. kill only upon contact with bacteria, as observed by Correia et al. (2015) [209]. 
Such fact can be considered an advantage since the antimicrobial agent remains grafted to the 





































2.4.6. In vitro drug release studies and mathematical modeling 
 
According to literature, controlled drug delivery of bioactive molecules continues to be an 
essential component of engineering strategies for tissue defect repair [230]. To do so, a non-
steroidal anti-inflammatory drug (NSAID) was loaded into the membranes and the mass transfer 
mechanism of the drug was studied by combining the experimental data with mathematical 
modeling. As described previously, the mathematical model applied take first into account the 
water uptake ability of the membranes to further determine the diffusion coefficients of the drug 
from the two membranes studied. 
 
As observed in Figure 2.8A, the solvent uptake into the membranes was similar with B1 = 0 
which means that it is not dependent upon the membranes’ swelling degree. Indeed, the 
diffusion coefficients of the solvent to the membrane were similar, D1 = 1.17x10
-6





/s for PVA/CS_4min and PVA/CS_10min membranes, respectively. However the 
drug diffusion constant in the swollen membrane was higher for PVA/CS_10min than for 
PVA/CS_4min membranes D2,eq = 2.76x10
-6




/s, respectively (as 
observed by the faster drug release from PVA/CS_10min membranes showed on Figure 2.8B). 
Meanwhile, the PVA/CS_10min membrane exhibited an higher value of β (1.6 against to the 0.6 
for PVA/CS_4min), meaning that although the greater diffusivities, the higher swelling degree 
observed for PVA/CS_10min membranes (Figure 2.3A) leads to a decrease of the drug 











Figure 2.8. (A) Solvent uptake concentration (mg/mL) into the membranes: PVA/CS_4min (▲) and 
PVA/CS_10min (Δ) membranes, the respectively fittings are represented by       SIMU_4min and - - - 
SIMU_10min; (B) In vitro drug release studies of IBP loaded into PVA/CS_4min (▲) and PVA/CS_10min 









The drug was released after 40 min which, by the wound healing process point of view, is really 
fast. The ideal drug release profile should occur over twelve hours which corresponds to the 
peak of the inflammatory phase [230]. The fast drug release observed could be due to the 
development of very thin slabs, the presence of high hydrophilic polymers and the use of a 




2.4.7. In vitro cytotoxicity studies 
 
Finally, the applicability of membranes for the envisioned biomedical application should be 
assessed. To do so, the cytocompatibility of PVA/CS membranes was characterized through in 
vitro studies by seeded human fibroblast cells with wound dressings. Cell adhesion and 
proliferation was observed in wells where cells were in contact with PVA/CS_4 and 10min 
(Figure 2.9) and in the negative control (cells without materials), at the predetermined time 
points. The observation of cell adhesion and proliferation in the presence of the membranes 
showed that they are biocompatible. To further assess their biocompatibility, resazurin assay 
was performed. This assay showed that cells remained viable in contact with tested samples 
after 24 and 72 h of incubation (Figure 2.10). The relatively higher percentage of viable cells on 
both membranes after 72 h in comparison with the negative control can be justified by the 
growth of cells not only on the well but also on the membranes. These results clearly reveal that 




Figure 2.9. Microscopic photographs of human fibroblast cells after being seeded in the presence of the 
membranes during 24 and 72h. K
-
: live cells; K
+


































Figure 2.10. Cellular activities measured by the resazurin assay after 24 and 72h. PVA/CS_4min; 
PVA/CS_10min; K
-
 live cells; K
+






This study reports the production of PVA/CS asymmetrical membranes using scCO2-assisted 
phase inversion technique, despite the use of conventional methods as dry/wet-phase inversion 
methods. To the best of our knowledge, no investigation on the production of asymmetrical 
membranes using supercritical fluids has been reported yet with the main purpose to use the 
membranes as wound dressings for skin regeneration. It was demonstrated that using adequate 
parameters such as casting solution concentration, ratio between polymers and 
depressurization rate it is possible to obtain asymmetric membranes. The membranes obtained 
present the most required characteristics of an ideal wound dressing although the fast anti-
inflammatory drug release observed. Moreover, the mass transfer mechanism of the drug 
across the hydrogel asymmetrical membrane was well correlated using a mathematical model 
based on Fick’s second law of diffusion for thin slabs taking into account the swelling behavior 
of the membranes. The asymmetrical membranes produced revealed to be highly 
biocompatible, able to protect the wound from physical damage, to provide adequate moisture 
(minimizing the risk of wound dehydration) and were flexible and strong enough to be handled 
during wound coverage. In addition, oligo(2-methyl-2-oxazoline) quaternized with N,N-
dimethyldodecylamine revealed to be an effective contact-active antimicrobial agent against S. 
aureus. Based on the overall results obtained, it can be concluded that PVA/CS asymmetrical 
membranes prepared by scCO2–assisted phase inversion technique are promising dressing 
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CHAPTER 3. Ibuprofen loaded poly(vinyl 
alcohol)/chitosan membranes for wound healing: a 
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3. Ibuprofen loaded poly(vinyl alcohol)/chitosan membranes for wound 






During wound healing, an early inflammation can cause an increase of the wound size, and the 
healing process can be considerably belated if a disproportionate inflammatory response 
occurs. (S)-ibuprofen (IBP) has been used in muscle healing and to treat venous leg ulcers, 
however its effect in skin regeneration has not been thoroughly studied thus far. Herein, IBP-β-
cyclodextrins and IBP-loaded poly(1,3-glycerol dimethacrylate) carriers were designed to 
customize the release profile of IBP from PVA/CS dressings in order to promote a faster skin 
regeneration. All the systems were produced using sustainable scCO2-assisted techniques. In 
vitro IBP release studies show that due to poor water solubility and the formation of hydrophobic 
complexes, the carriers allow a controlled drug release from the hydrogels. Moreover, the in 
vivo rat skin wound model study revealed that the presence of IBP in the dressings is essential 
for skin wound renewal, preventing an excessive inflammation and enabling earlier reparation. 
 







Wound infection and inflammation after a surgical intervention or traumatic wounds, abrasions 
and skin burns are frequent and, if not appropriately treated, might lead to life-threatening 
sepsis and multi-organ failure which, ultimately, lead to patient dead [167, 232]. Moreover, 
wound infection can impair wound contraction and, consequently, retard the healing process. 
Such fact can be explained by the release of bacterial enzymes and metalloproteinases which 
can degrade the fibrin matrix and growth factors. The fibrin matrix is crucial for skin re-
epithelization through the migration of fibroblasts, and is also needed to keep the phagocytic 
activity of macrophages [27, 233-235]. 
Different strategies have been adopted to prevent an acute inflammatory phase: the use of a 
suitable wound dressing able to prevent bacteria penetration while promoting the re-
establishment of the integrity of the injured tissue, the use of antibacterial agents to improve the 
intrinsic antimicrobial properties of some polymers and/or simply the use of non-steroidal anti-
inflammatory agents [103, 224, 226, 236, 237]. 
(S)-ibuprofen is a familiar NSAID, effective, safe and well-tolerated compound with anti-
inflammatory, antipyretic and pain relief properties. IBP acts through the inhibition of two 
isoforms of cyclooxygenase (COX) enzymes responsible for prostaglandin biosynthesis: COX-1 




The anti-inflammatory behavior of IBP has been particularly tested in osteoarticular, venous leg 
ulcers and muscles wound healing through oral administration [238-246]. Müller-Decker et al. 
[239] have also studied the effect of two NSAIDs by oral administration (SC-560 and valdecoxib, 
responsible for COX-1 and COX-2 inhibition, respectively) and revealed that both drugs do not 
impair skin wound healing. Therefore, in the present study, we combine IBP with drug delivery 
systems and hydrogel-based dressings to control excessive inflammation in the first phases of 
the healing process and to protect the wound from physical damage and microorganism 
penetration. 
Previously, our group developed polymeric membranes and drug delivery systems using a non-
residue method: scCO2 - assisted phase inversion technique for different purposes [99, 132, 
247-250]. In particular, by using this technique, dry, clean, ready-to-use and highly porous IBP–
loaded PVA/CS membranes with an asymmetrical geometry were obtained which gelled upon 
contact with biological fluids, as well reported on Chapter 2. Such intrinsic properties of 
hydrogel-based membranes enabled the total release of IBP after 40 minutes limiting the 
applicability of these systems during the full wound healing process. Ideally, a drug should be 
released during the time course of the peak of the inflammatory phase, which usually occurs 12 
hours post-injury [103]. Among the several wound dressings available on the market, hydrogel-
based ones are the most commonly used, characterized by having a porous 3D structure that 
mimics the ECM found by cells in skin tissue, able to absorb and retain wound exudate, 
promoting cell migration and proliferation and a moisturized environment, leading to pain 
reduction and consequently to a higher patient acceptability [251-257]. 
However, when hydrogels are intended to be used as drug delivery systems, they present some 
limitations related with their highly porous interconnected network. The amount of drug that can 
be loaded into them is restricted, mainly for hydrophobic drugs, and their significant water 
content and huge pore sizes often cause a fast drug release. These issues, not only confine the 
therapeutic efficacy of the loaded drug, but also increase the risk of harmful side-effects for 
patient (instigated by his exposure to high drug concentrations) [258, 259]. To overcome some 
of the hydrogel’s handicaps related with unsuitable drug kinetic release profile, different 
approaches have been explored in order to promote a sustained and localized release of drug 
from these 3D structures, namely through the modification of the interactions between hydrogel 
and drug and/or by further tightening the mesh in order to restrict drug release from the 
hydrogel. These approaches are essential to reduce the number of therapeutic doses needed, 
increasing the drug therapeutic effectiveness. The incorporation of nano- and microparticles, 
liposomes, dendrimers, within the polymeric matrix of a hydrogel has been shown to be 
fundamental for long-term release of bioactive molecules [99, 131, 140, 164, 260-266]. In 
particular, taking into account our current concern in the development of controlled drug delivery 
systems we examined the use of β-cyclodextrins (β-CDs) and poly(1,3-glycerol dimethacrylate) 
(PGDMA) for the sustained release of small drugs. Thus, to address these challenges, we 
speculate that the administration of IBP incorporated into β-CDs forming hydrophobic 














microbeads, could efficiently protect the loaded cargo IBP from the environment and mediate its 
delivery in situ to reduce the inflammatory phase of the wound healing process. Cyclodextrins, 
due to their oligosaccharide-cyclical structure may hold drug molecules in their barrel-shaped 
cavity, creating inclusion complexes that are stabilized by intermolecular forces (host-guest) like 
hydrogen bonding, van der Waals forces and hydrophobic interactions  [267-271]. PGDMA is a 
polyester-based polymer, well-attractive due to its biodegradable and biocompatible 
characteristics and can establish double H bonding interactions between their carbonyl and the 
hydroxyl groups with IBP. It should be also highlighted that functional PGDMA microbeads were 
produced from glycerol dimethacrylate (GDMA), a by-product from biodiesel production, through 
the use of a contaminant free, scCO2 technology [215, 272]. Moreover, the selected nano β-
CDs and PGDMA microbeads demonstrated to be efficiently loaded with IBP by supercritical 
CO2 impregnation [140, 215]. The designed IBP delivery systems were then incorporated into 
the highly structured and porous PVA/CS membranes for active healing of dermal wounds.   
The results herein obtained may cast some light on the use of IBP in skin regeneration by 








CS (75-85% deacetylated, medium molecular weight: 190-310 kDa), PVA (Mw = 89-98 kDa, 
hydrolysis degree 99%), IBP (Mw = 206.28, 99%), absolute ethanol, glacial acetic acid (purity 





 (Ausimont), 2,2-azo-isobutyronitrile (AIBN), β-CD (minimum 98%) and DMEM-F12 
were acquired from Sigma-Aldrich (Sintra, Portugal). 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) cell proliferation 
assay kit were purchased from Promega (Canada, USA). NHDF were purchased from 
PromoCell (Labclinics, S.A.; Barcelona, Spain). FBS was purchased from Biochrom AG (Berlin, 
Germany). Carbon dioxide was obtained from Air Liquide with 99.998% purity. All materials and 




3.3.2. PGDMA carriers development 
 
The PGDMA-based carriers were prepared according to a method described in literature [215]. 
Briefly, initially the monomer (glycerol dimethacrylate), the stabilizer agent (krytox or fluorolink) 
and the initiator (AIBN) were loaded into a high-pressure reactor, which was then sealed and 
immersed in a thermostated water bath at 65º C. Afterwards, CO2 was pumped into the system 
until the desired pressure, 24 MPa, was attained, and it was maintained for 24 h. 10wt% of 




IBP release studies previously done by Restani et al. [215]. After those 24 h, fresh scCO2 
passed through the white and dried powder obtained to wash it and remove the possible 




3.3.3. (S)-Ibuprofen impregnation in carriers using scCO2 
  
IBP was loaded, in supercritical conditions, into PGDMA with 10wt% of krytox and 30wt% of 
fluorolink microparticles (PK and PF, respectively), following the method previously used with 
slight modifications [215]. Drug loading were performed at 40 ± 0.1 ºC and 25 MPa, during 20 h, 
and with a concentration to attain the saturation of the medium, at the temperature and pressure 
favorable for IBP loading. A 33 mL reactor was used and it was divided in two compartments by 
using a macroporous support to avoid the contact between carriers and drug. IBP was put in the 
bottom compartment, under stirring, while the PGDMA microparticles were placed on the top of 
the cell inside a snake skin membrane. A fast depressurization of the system were performed 




3.3.4. Preparation of membranes 
 
The membranes were prepared following the method previously described in literature [103, 
136, 144]. A 17.25wt% casting solution was prepared (87% PVA/ 13% CS), using acidified 
water (1% acetic acid) as a solvent, spread over a stainless steel cap (68 mm of diameter and 
1.5 mm of height) and introduced into the reactor. Then the reactor was closed and placed in a 
visual thermostated water bath at 45 ± 0.01 ºC. The temperature was maintained constant using 
a Hart Scientific (Model 2200) controller. By the use of two Gilson piston pumps (models 305 
and 306), a non-solvent flow (90% CO2 and 10% ethanol (co-solvent)) was added until the 
desired pressure (20 MPa) was attained. During the assay, the operational pressure was 
maintained constant using a back pressure regulator (Jasco 880-81), while a Setra Systems Inc. 
(Model 204) transducer, with a precision of ±100 Pa, was used to monitor the pressure inside 
the reactor. 
At the end, a pure CO2 flow of 10 mL/min passed through the reactor to extract the ethanol that 
could be entrapped within the formed membranes. The system was then depressurized in 4 
(fast) and 10 min (slow) and membranes with different inner morphologies were obtained.  
β-CDs, PK and PF microparticles (approximately 100 mg) with and without IBP were previously 





















3.3.5. Characterization of membranes and drug carriers 
 
Membranes’ morphology was investigated by SEM data analysis. For cross-section observation, 
membrane samples were frozen in liquid nitrogen and cracked. The specimens were gold 
coated before SEM procedure. The images were obtained on a Hitachi S-2400 instrument, with 
an accelerating voltage set at 15 kV.  
In addition, the mechanical properties of the carriers-loaded membranes were studied using a 
tensile testing machine (MINIMAT firm-ware v.3.1) at indoor temperature. The membranes (n = 
5) were cut into 15 mm length and 5 mm width strips, the distance between the clamps was set 
as 5 mm and the test speed to 0.1 mm/min. 20 N of full scale load and 90 mm of maximum 
extension were previously fixed. The studies were done with dry and wet membranes. The 
tensile measurements  performed with the wet membranes lasted 21 days, changing the pH 
every 7 days: i) first 7 days at pH 8 using Tris 0.1M; ii) second 7 days at pH 7.4 using PBS 0.1M 
and iii) the last seven days at pH 5 using sodium acetate 0.1M. Load/extension graphics were 
achieved and transformed to stress-strain curves using the following equations: 
 
Stress =    
 
 
                 Equation 3.1 
 
Strain = ε   
  
 
                                    Equation 3.2 
 
where F is the applied force; A the cross-sectional area;    the change in length; and L is the 
length between clamps.  
 
The porosity of the membranes was determined by mercury intrusion porosimetry 
(micromeritics, autopore IV). 
Attenuated Total Reflection-Fourier Transform Infrared spectroscopy (ATR-FTIR) was employed 




3.3.6. Water uptake analysis 
 
The swelling degree of membranes was determined at two different pHs (8 and 5), that were 
changed after 24 h, when the mass of the membranes reached a plateau value. Firstly, dry 
membrane specimens were weighted and introduced in 15 mL pH 8 Tris solution at 35 ºC. At 
specific time intervals, membrane specimens were taken out from the swelling medium, wiped 
to remove surface moisture and weighted. After 24 h, the specimens were transferred and 
introduced in 15 mL pH 5 sodium acetate solution at 35 ºC. Membranes’ swelling and shrinking 





The swelling degree W (%) was determined as follows, see Equation 3.3: 
 
       
     
  
                          Equation 3.3 
 




3.3.7. Water vapor permeation studies 
 
WVP was measured gravimetrically at 30 ºC following a method previously reported [103, 211]. 
A glass dish with 5 cm of diameter was used to place the membranes with the different carriers. 
Then, the glass dish (n=3) was introduced into a desiccator containing a saturated CH3COOK 
solution with a RH of 22%.  A fan was used to promote air circulation and a thermohygrometer 
(Vaisala, Finland) to control the RH and temperature inside the desiccator. The water vapor flux 
through the membranes was studied at two different driving forces by using a saturated 
(NH4)2SO4 solution (RH = 81%) and a saturated NaNO2 (RH = 65%) inside the glass dish. The 
glass dishes were weighed over time for 8 h to determine the membranes’ vapor permeability. 
The WVP was calculated using the following equation: 
 
WVP = 
     
       
            Equation 3.4 
 
in which, Nw is the water vapor mass flux,   is the film thickness and  Pw,eff  is the effective 
driving force, expressed as the water vapor pressure difference between both sides of the 
membrane. Other equations used are described in detail by Alves et al. [211]. 
The WVTR was calculated using the following equation: 
 
WVTR = mass / (area) (time) = (P/L) (Pw) (RH),                   Equation 3.5 
 
where, P is the water vapor permeability, L is the membrane thickness, (P/L) is the water vapor 
transfer rate (or permeance), Pw is the saturated water vapor pressure at the experimental 
temperature and (RH) is the difference of relative humidity between inside atmosphere and 




3.3.8. Oxygen permeability 
 
The pure gas permeability of the developed membranes loaded with the different carriers was 
determined in accordance with a procedure already described in detail elsewhere [273] with 














into two identical compartments. O2 permeability was evaluated by pressurizing both 
compartments (feed and permeate), and after opening the permeate outlet. A driving force of 
around 0.07 MPa between the feed and the permeate compartments was established. The 
pressure change in both compartments over time was followed using two pressure transducers 
(Druck, PDCR 910 models 99166 and 991675, England). All measurements were performed as 
a constant temperature, 30 ºC, using a thermostatic water bath (Julabo, Model EH, Germany). 
When the plot of Q (cm
3
, the amount of gas that permeated through the membrane) versus t (s, 




 s atm) 
could be calculated as follows: 
 
P = 
     
       
                                                                                            Equation 3.6 
 
where S and l stand for the permeation area (cm
2
) and the sample thickness (cm), respectively; 
Δp is the pressure driving force (atm) [46]. 
Additionally, the diffusion flux J (L / m
2





                  Equation 3.7 
 




 s Pa), calculated previously; l the sample 




3.3.9. Biodegradability assays 
 
The in vitro biodegradability of the several systems was carried out over 21 days by changing 
the pH every 7 days, following the same procedure already described on section 3.3.5 to study 
the tensile properties. In each seven days, the membrane specimens were taken out from the 
solutions, washed with distilled water, freeze-dried and introduced in the medium at a different 
pH. The samples were weighed before and after each freeze-drying step. All measurements 




3.3.10. In vitro drug release experiments 
 
The IBP release from PVA/CS membranes containing microparticles loaded with this drug was 
determined by using a permeation cell. The dressing top layer was exposed to environmental 
conditions, while the bottom layer was in contact with the release medium to mimic local in vivo 
release within a burn-wound environment [103]. 50 mL of Tris 0.1 M buffer solution (pH=8) at 




withdrawn periodically and the same volume of fresh medium was added to the suspension. 
The IBP released was quantified by UV spectroscopy at 264 nm. 
The drug release behavior from swelling-controlled membranes was modeled by the 




                                                                                                                    Equation 3.8 
 
where Mt / M∞ is the fractional drug release at time t, k is a constant which takes into account 
the geometric and structural characteristics of the drug release systems, and n is the diffusion 




3.3.11. In vitro biocompatibility studies 
 
3.3.11.1. Human fibroblast cells growth in contact with microparticles-loaded 
membranes with/without (S)-Ibuprofen 
 
To assess cell behavior in the presence of PVA/CS dressings loaded with microparticles 
with/without IBP, NHDF cells were initially seeded with the various dressings in 96-well plates, 
at a density of 2 × 10
4 
cells per well and using DMEM-F12 as culture medium, supplemented 
with FBS. The studies were performed for 1, 3 and 7 days, at 37° C, under a 5% CO2 humidified 
atmosphere. Membrane samples were previously sterilized using UV irradiation during 30 min. 
An Olympus CX41 inverted light microscope (Tokyo, Japan) equipped with an Olympus SP-500 




3.3.11.2. Evaluation of the cytotoxic profile of the microparticles-loaded membranes 
with/without (S)-Ibuprofen 
 
NHDF cell viability in contact with the sterilized dressings was evaluated by an MTS assay. 
Firstly, 2 × 10
4 
cells per well were seeded in contact with the materials and then, after 1, 3 and 7 
days of incubation at 37º C under a 5% CO2 humidified atmosphere, the medium of each well 
was removed and replaced with a mixture of 100 μL of fresh DMEM-F12 and 20 μL of 
MTS/phenazine methosulfate (PMS) reagent solution. After 4 h of incubation, cells viability was 
determined by measuring the absorbance at 492 nm using a microplate reader (Sanofi, 
Diagnostics Pauster). Cells growth without dressings was set as negative control (K
-
). Death 
cells (by the addition of ethanol (96%)) were used as positive control (K
+




















3.3.12. In vivo assays 
 
36 Wistar rats (8-10 weeks) weighing between 150-200g were used to evaluate the suitability of 
the developed systems for improving the wound healing process. The animal studies were 
carried out according to the guidelines set forth in the National Institute of Health Guide for the 
care and use of laboratory animals, and following a procedure already used by Ribeiro et al. 
[164]. The animals were separated into nine groups and the wounds were covered as follows: 1) 
used as control, the wounds were covered with PBS; 2) PVA/CS membranes; 3) the wound was 
wetted with a solution of IBP (1mg/mL) dissolved in PBS; 4) PVA/CS membranes containing PF 
carriers without IBP (PVA/CS+PF); 5) PVA/CS membranes loaded with PF carriers containing 
IBP (PVA/CS+PF_IBP);  6) PVA/CS membranes containing PK carriers without IBP 
(PVA/CS+PK); 7) PVA/CS membranes loaded with PK carriers containing IBP 
(PVA/CS+PK_IBP); 8) PVA/CS membranes containing β-CD carriers without IBP (PVA/CS+β-
CD); and 9) PVA/CS membranes loaded with β-CD carriers containing IBP (PVA/CS+β-
CD_IBP). All over the study, the animals were maintained in separate cages and were fed with 
commercial rat food and water ad libitum.  
The wounds were photographed over time with a digital camera (NikonD50) to follow the 
healing process, and the wound size  (WS) was determined through image analysis software 




3.3.13. Histological analysis 
 
Tissue samples from the skin injuries and organs (heart, brain, lung, spleen, liver, and kidney) 
were obtained by necropsy 10 and 21 days post-injury, to examine the local and systemic 
immune response of the host to the membranes herein produced. Tissue samples were formalin 
fixed and paraffin embedded for routine histological processing. A cryostat microtome (Leica 
CM1900) was used to obtain 3 µm sections of each sample that were, subsequently, dyed with 
hematoxylin and eosin (H&E) and Masson’s trichrome. The processed samples were then 





3.3.14. Statistical analysis 
 
One-way ANOVA with Tukey's multiple comparisons test was used to evaluate the significant 
statistical differences between the obtained results for WVP and the surface area of the burn 
wounds. Computations were performed using a MYSTAT 12 statistical package (Systat 






3.4. Results and Discussion 
 




Usually, the production of hydrogel-based systems involves the use of organic solvents which 
may have some degree of toxicity, and consequently cause harmful side effects for patient 
health, in addition to the long processing times to obtain the desired clean hydrogel matrix [278-
281]. In order to overcome these drawbacks, scCO2-induced phase inversion technique has 
been recently used as a solventless and very efficient method on the production of gelled 
systems. This process is fast, allows the production of porous matrices by the induction of 
nucleation and growth of bubbles inside the polymer and can be used to produce symmetric 
and asymmetric 3D structures [99, 103, 137, 143, 282].  
Meanwhile, we have already demonstrated that PVA/CS asymmetrical membranes loaded with 
IBP could be developed using the scCO2 phase inversion technique. However, due to structural 
constrains those membranes released the full drug cargo after 40 min of incubation at pH 8. To 
achieve a longer-lasting IBP release, drug-loaded microparticulated systems were incorporated 
within the matrix of the membranes. In addition, during the membranes production process, the 
depressurization rate was varied, i.e. periods of 4 and 10 min of depressurization were used in 
order to study their influence on the membranes’ inner aspect and on the subsequent related 
properties. 
 
SEM images (Figure 3.1) show that the fast depressurization rate (4 min) promote more dense 
sections, while a depressurization of 10 min enables the formation of membranes with a porous 
inner layer, a characteristic that allows the absorption of wound exudate, keep a moist 
environment in the wound and also facilitate cells penetration and nutrients diffusion [99, 144, 
164-166]. The characteristic dense top surface obtained for all the membranes is fundamental 
for skin protection against harmful external agents. The bottom of the membranes presents 
some roughness that can allow the drainage of the wound exudate and also avoid dressing 
adherence to the wound bed. The comparison of the cross-section SEM images reveals the 
structural asymmetry of PVA/CS+PK membranes depressurized for 10 min, which present a 
more dense section on the top of the dressing and a porous inner layer. However, in general, 


















































Figure 3.1. Scanning electron micrographs of the surface, cross-section and bottom of PVA/CS 
membranes containing the different drug delivery systems (PK, PF and β-CD) produced with two 




3.4.2. Water uptake analysis 
 
 
The swelling behavior of the hydrogel-based wound dressings was studied at 35º C (the normal 
skin temperature [283]), using two different buffers with pH 5 and 8, for a period of 4 days, 
taking into account the skin pH variation during the wound healing process (from basic to 
normal skin pH around 5), as already well described in Chapter 2 [103, 220]. Once more, as it is 
possible to see on Figure 3.2, the membranes herein developed, independently of the carriers 




pH 5 (250-350%), which results from the CS amino groups protonation that happens at pH 
values lower than CS pKa (pKa (CS) = 6.5 [221]). This swelling behavior could be considered 
an advantage, when a wound dressing containing impregnated IBP-microparticles is used. The 
initial basic pH promotes a sustained release of the drug and then, the decrease of skin pH 
allows the increase of water uptake capacity of membranes, allowing the removal of wound 
exudates, a major requirement of an ideal dressing. Furthermore, this swelling behavior is also 
crucial for an appropriate diffusion of nutrients and cells [167].  
 
PVA/CS+PF membranes showed slightly higher swelling degree than PVA/CS+PK membranes 
(Figures 3.2A and 3.2B). Since the average pore diameter and porosities of PVA/CS+PK 
membranes is slightly higher than for PVA/CS+PF membranes (please see Table 3.1), the 
higher water uptake ability of PVA/CS+PF membranes may be explained by the different 
characteristics presented by the two types of stabilizers used. Both stabilizers (or lubricants) 
belong to perfluoropolyether (PFPE) class of compounds, that have a general chemical 
structure CF3O(CF2OCF2CF2O)nCF3 with low water affinity. However, Fluorolink C is a 
functionalized PFPE with the functional group –CONHC18H37, that improves the water solubility 
of the stabilizer and probably the PGDMA carrier during the processing step, despite the 
removal of the stabilizer afterwards during the washing with fresh CO2 [284, 285]. Such fact, 
leads to a superior swelling degree and, consequently, to a quicker drug release profile from 
PVA/CS+PF membranes (Figure 3.5B), as more solution is uptaken into the particle matrix, 
facilitating the drug release. 
 
PVA/CS+β-CDs membranes presented water uptake ability similar to membranes with PF 
(Figures 3.2B and 3.2C), a consequence of the hydrophilic external surface of β-CDs [286]. 
These membranes presented higher pore diameter and large dense sections, resulting in less 
porosity than membranes containing PGDMA carriers. 
 
 
Figure 3.2. Swelling behavior of (A) PVA/CS+PK_4min (♦) and PVA/CS+PK_10min (◊); (B) 
PVA/CS+PF_4min (■) and PVA/CS+PF_10min (□); (C) PVA/CS+β-CD_4min (●) and PVA/CS+β-






































PVA/CS + PK_10min 
 
0.58 56.2 
PVA/CS + PF_4min 
 
0.45 46.2  
PVA/CS + PF_10min 
 
0.51  56.0 
PVA/CS + β-CD_4min 
 
0.65  31.0 
PVA/CS + β-CD_10min 
 




3.4.3. Water vapor permeability 
 
Besides the characterization of the swelling behavior, the evaluation of the WVTR through the 
dressing is extremely important in order to ensure a suitable moist environment at the wound: 
an exorbitant vapor permeability can lead to wound dehydration and dressing adhesion, while a 
low permeation can cause the maceration of surrounding healthy tissue caused by exudate 
retention [171].  
 
Comparing the results herein obtained with the previous PVA/CS membranes developed 
(please see Table 3.2), it is possible to say that the incorporation of nano and microcarriers into 
the membranes enhanced the water vapor diffusion through the dressings. Indeed, the several 
dressings developed, independently of the imposed driving force, present higher vapor 
permeation values than PVA/CS_4min and PVA/CS_10min membranes, which in part could be 
also an effect of the absence of an asymmetrical structure. Once more, the decrease of the RH 
also promotes a decrease of WVP, WVTR and permeance on the several membranes 
produced. However, these properties did not present a statistically significant difference 
(p<0.05) for the RH% tested. The results showed that the difference on membranes’ inner 
structure does not have a large effect on the WVP of the membranes. In addition, it is common 
to obtain a high coefficient of water vapor sorption, when RH is high [211], as it was also 
observed. 
 





 day would provide suitable moisture and avoid exudate accumulation [287]. 
Nonetheless the dressings herein developed as well as other commercially available wound 
dressings are not in conformity with this range, as already mentioned on Chapter 1 and 2. The 
WVTR depends on the chemical characteristics of the polymers from the dressing is made,  the 




determines the water vapor pressure which is the driving force for water vapor transfer across 
the dressing [103, 166, 171-174, 222]. Despite the WVTR of the produced membranes being far 
away from the ideal range, their high swelling degree offsets the obtained results. In addition, 
PVA/CS+PF and PVA/CS+β-CDs membranes revealed to be the best systems to be used as 
wound dressings due to the higher WVTR and water uptake ability, enabling the absorption of 
wound exudate while keeping a moisturized environment, thanks to the gel-like properties of the 
membranes at wet state. 
 

























 s Pa) 
 
 
PVA/CS + PF_4min 81 – 22 4 ± 2 2.0 ± 0.9 1.2 ± 0.5 
 
 
PVA/CS + PF_10min 
 
81 – 22 10 ± 2 6 ± 2 2.8 ± 0.7 
PVA/CS + PK_4min 
 
81 – 22 3.7 ± 0.3 1.4 ± 0.1 1 ± 0.1 
 
PVA/CS + PK_10min 
 
81 – 22 3.7 ± 0.3 1.3 ± 0.1 1 ± 0.1 
 
PVA/CS + β-CD_4min 
 
81 – 22 3.7 ± 0.5 0.9 ± 0.2 1 ± 0.1 
 
PVA/CS + β-CD_10min 
 
81 – 22 5.15 ± 0.05 1.7 ± 0.2 1.30 ± 0.01 
 
PVA/CS + PF_4min 65 – 22 3.8 ± 0.8 1.1 ± 0.2 1.3 ± 0.2 
 
PVA/CS + PF_10min 
 
 
65 – 22 6.9 ± 0.5 3.0 ± 0.2 2.3 ± 0.2 
 
PVA/CS + PK_4min 
 
65 – 22 1.6 ± 0.2 0.9 ± 0.2 0.6 ± 0.1 
 
PVA/CS + PK_10min 
 
65 – 22 1.8 ± 0.2 0.70 ± 0.02 0.60 ± 0.04 
 
PVA/CS + β-CD_4min 
 
 
65 – 22 2.6 ± 0.5 0.70 ± 0.04 0.9 ± 0.2 
 
PVA/CS + β-CD_10min 
 
65 – 22 4.1 ± 0.5 1.2 ± 0.1 1.5 ± 0.1 




81 – 22 2.1 ± 0.2 5.6 ± 0.8 
 
9.9 ± 0.8  
 
 









3.4.4. Oxygen permeability 
 
The permeability of oxygen across the membrane is another important property for the wound 
healing process. O2 is an essential nutrient for cell metabolism, especially for energy production 














on Chapter 1, an excellent wound healing is attained for O2 diffusion flux from 456-1840 L/m
2
 
day, which is far away from the values obtained for the membranes herein studied as shown on 
Table 3.3 (just the ones depressurized in 10 min presenting higher pore sizes). Despite the 
produced membranes present pore size higher than the kinetic diameter of O2 (~0.343 nm) 
[180], the relatively low porosity could be the reason of low O2 permeability. For instance, the 
CS asymmetrical membranes developed by Mi et al. [49] presented a sponge-like inner layer 
with 74% of posority with pore sizes of about 10-100 µm, which have lead to a suitable O2 
diffusion flux of about 644 L/m
2
 per day. Other dressings present the so called finger-like voids, 
that allow oxygen transportation across the membrane, without demanding gas exchange 
between or through the pores available in the membrane [184]. However, we believe that due to 
the hydrogel-based like properties of the membranes upon contact with the wound exudate, the 
more open pores and the gelled matrix will favour the gas permeability through the dressings.  
 























PVA/CS + PF_10min 
 
57.5 ± 14.2 
 
31.5 ± 8.7 
 
 
PVA/CS + PK_10min 2.98 ± 0.37 1.76 ± 0.22 








3.4.5. Biodegradability and tensile properties 
 
In Figure 3.3 it is possible to observe the membranes’ weight loss over the 21 days at different 
pHs. This procedure aimed to mimic the pH variation that occurs during the wound healing 
process [220]. As observed, the weight loss (40-70%) was more noticeable during the first 7 
days, at basic pH, for all types of membranes and then, the weight of membranes stabilizes. 
The asymmetrical PVA/CS dressings previously developed presented the maximum weight loss 
of 5-10% [103]. The results show that the incorporation of the carriers within the polymeric 
matrix increases the rate of degradation, due to the looser interactions between the PVA and 
CS, which could be also the reason for the absence of membranes with asymmetrical 
structures. This will not prevent the final applicability of these membranes. In general, the 
biodegradability of a material is a requirement for wound treatment, otherwise it will induce the 
formation of new lesions and increase the pain felt by the patient when the dressing is changed 





Figure 3.3. Evaluation of the structural stability of (A) PVA/CS+PK_4min (♦) and PVA/CS+PK_10min (◊); 
(B) PVA/CS+PF_4min (■) and PVA/CS+PF_10min (□); (C) PVA/CS+β-CD_4min (●) and PVA/CS+β-




The tensile tests of the various types of membranes produced were performed in dry and wet 
state, during 21 days, at three pH values that were interchanged every 7 days, following the 
same procedure used for the biodegradability assays. The results obtained revealed that wet 
membranes have a higher elasticity (lower Young’s modulus) than the dry ones (Figure 3.4). 
Furthermore, dry membranes produced with a depressurization period of 10 min were more 
elastic than those depressurized only in 4 min, independently of the carrier loaded. This may 
explain the higher surface density and lower porosity for the second type of membranes. Among 
the membranes produced, the PVA/CS ones containing β-CDs were the most elastic, displaying 
an elongation at break of about 600% (for more information regarding the maximal tensile strain 
(%) and tensile strength (MPa) of dry and wet membranes please see Figures S3.1 and S3.2 on 
supplementary information). Such results may be related with the higher pores size shown by 
PVA/CS+β-CDs membranes in comparison with the other systems developed. 
 
In Figure 3.4 it is also possible to observe the pH influence on Young’s modulus of the 
membranes. The elasticity decreased when the pH was changed from 8 to 7.4 but at pH 5 the 
elasticity increased, owing to the higher water uptake ability of membranes at pH 5 (Figure 3.2). 
Nevertheless, the elongation at break of wet membranes (about 300-350%) was smaller than of 
the dry ones due to the loss of structural integrity, as shown by the biodegradability studies 
(Figure 3.3). The Young’s modulus of dry and wet membranes obtained was lower than that 
presented by native skin, which varies between 4.6 and 20 MPa for the extension tests [185]. 
However, all the dressings herein developed presented higher elasticity and elongation at break 
than other wound dressings, currently in use in the clinic, allowing a suitable handling during 
















Figure 3.4. Young’s modulus analysis of PVA/CS_4min and PVA/CS_10min membranes containing the 




3.4.6. In vitro drug release studies 
 
As previously described, notwithstanding their suitable physicochemical characteristics, the 
quantity of drug loaded into hydrogels is restricted and rapidly released, limiting their 
applicability as drug delivery systems. In order to overcome such drawback, drug-loaded 
microsystems have been incorporated within the polymeric matrices of the membranes 
produced. This strategy is commonly used to protect unstable biologics from degradation and 
also to control the sustained release of either small drugs or biological active compounds. In 
these systems, the loaded bioactive molecules have to overcome two barriers before reaching 
the surrounding environment: first the carriers (microparticles) and later, the membrane’s matrix 
[251, 290].  
 
Following the work developed by Restani et al. [215], PGDMA microbeads were synthesized by 
radical polymerization of GDMA in scCO2 conditions using krytox and fluorolink as stabilizers. 
The amount of the stabilizers used was chosen based on the results of IBP cumulative release 
(%) obtained on that work. PGDMA microparticles with 10% of krytox (PK) and PGDMA 
microparticles with 30% of fluorolink (PF) presented the most suitable release profile for the 
drug used.  
 
In the present work, the drug release studies were performed at a basic pH (pH=8) taking into 
account the skin pH variations during wound healing process in burn patients as explained 
before and well described by Osti [220]. Furthermore, being ibuprofen a non-steroidal anti-
inflammatory drug, its high effect would be essential during the inflammatory phase of the 
healing process (in which the skin pH is basic) with the main purpose of avoiding an acute 
wound inflammation. Accordingly to Qui et al. [231], the saturation solubility of IBP at pH 7.4 is 




amount of IBP loaded into the several membranes using supercritical CO2 technology was 
about 10 mg per gram of membrane (working below IBP saturation), providing perfect sink 
conditions during drug release. 
 
Figure 3.5 (A, B and C) shows the drug release profile of the several drug delivery systems. The 
IBP release profiles obtained for PVA/CS dressings containing the PF microparticles (Figure 
3.5B) revealed that drug release occurs abruptly, promoting a complete release after 8 h, 
independently of the depressurizing time used in membranes production. As stated above on 
the swelling studies (Figure 3.2), those membranes presenting higher water uptake capacity, 
display a faster drug release profile. When PK microbeads were used (Figure 3.5A) different 
results were observed: i) for PVA/CS+PK membranes depressurized in 4 min a burst release of 
IBP (80%) occurred during the first 2 h and then a controlled release of the drug was noticed 
until its complete liberation after 24 h; ii) the PVA/CS+PK membranes depressurized in 10 min 
displayed a controlled release of the drug during the first 8 h of the experiment, when its 
complete liberation occurred.  
 
As β-CDs were incorporated within membranes, a more controlled drug release profile was 
obtained (Figure 3.5C). Indeed, after 12 h (a period that is coincident with the peak of the 
inflammatory phase) about 80% of the drug was released and the complete release of IBP was 
only attained after 3 days, independently of the depressurization rate used for membranes 
production.  
 
The diffusion mechanism of drug release profiles were further evaluated by fitting the 
experimental data into the Korsmeyer-Peppas model (Equation 3.6) as shown in Figure 3.5 (A1, 
B1 and C1), only valid for the first 60% of drug released. This model was applied considering 
drug diffusion from the microcarriers with a geometric spherical shape. It is already known from 
the previous work that IBP release from the PVA/CS hydrogel-based systems is purely swelling 
dependent leading to a complete drug release in few minutes [103]. We can now consider that 
the membranes act as a support for the carriers (not forgetting the protection of the wound) and 
the IBP release from the carriers will depend on the interactions between drug-carrier and on 
the solvent uptake ability of the carriers which per si is dependent on the amount of water that 






















Figure 3.5. In vitro drug release studies of IBP loaded into the several drug delivery systems at pH 8 and 
35 ºC (A, B, C) and IBP release profile fitted through Korsmeyer-Peppas mathematical model for the first 
60% of release (A1, B1, C1):  (A, A1) PVA/CS+PK_4min (♦) and PVA/CS+PK_10min (◊); (B, B1) 
PVA/CS+PF_4min (■) and PVA/CS+PF_10min (□); (C, C1) PVA/CS+β-CD_4min (●) and PVA/CS+β-




As shown in Table 3.4 (that summarizes modeling data), IBP release from microcarriers loaded 
into membranes depressurized in 4 min, follows a Fickian diffusion mechanism (with n values of 
about 0.3), in which the solvent transport rate or diffusion is much greater than the process of 
polymeric chain relaxation. On the other hand, IBP release mechanism from microcarriers 
loaded into membranes depressurized in 10 min is anomalous (with n values greater than 0.43) 
predicting the superposition of diffusion, swelling, dissolution and/or erosion phenomena [291, 
292]. Figure S3.3 shows the fitting to the experimental drug release data. As stated before, the 
solvent uptake ability of the carriers is dependent on the amount of water that can be entrapped 
within membranes’ matrix. Furthermore, the higher swelling degree of membranes, the greater 
the distance the drug should travel between particles and the membrane’s surface exposed to 
the release medium. As a result, a lower drug amount is released at each period of time, which 
is in accordance with the results herein obtained. Regarding those results, the incorporation of 
IBP-loaded microcarriers into the membranes effectively promotes an extended release profile 
of the drug from 40 min (the drug release period obtained in the previous asymmetrical 










Table 3.4. Modeling of IBP release from carriers using the Korsmeyer-Peppas equation. 
 
 












(mg/gmemb at t60%; 
























6.78 ± 0.03 
 













4.41 ± 0.06 
PVA/CS + PF_4min 
 
0.9754 0.9172 0.3340 Fickian diffusion 0.33 6.40 ± 0.07 
PVA/CS + PF_10min 
 
0.9693 0.7118 0.5885 Anomalous transport 0.83 4.34 ± 0.08 
PVA/CS + β-CD_4min 
 
0.9834 0.3794 0.3365 Fickian diffusion 2.33 4.42 ± 0.09 
PVA/CS + β-CD_10min 
 
0.9871 0.2812 0.7471 Anomalous transport 3 2.93 ± 0.02 
 
a   
Correlation coefficient. 
b   
Diffusion coefficient that reflects the structural and geometric characteristics of the system. 
c




In order to evaluate the interactions between the drug and the polymeric matrix an ATR-FTIR 
was employed. The ATR-FTIR spectrum for pure IBP shows all the characteristic bands of the 
drug, including the carbonyl stretching at 1707 cm
-1
. As previously described by Restani et al. 
[215], IBP establishes a double H-bond with the carbonyl and the hydroxyl groups of the 
PGDMA network. Examining the ATR-FTIR spectrum (Figures S3.4 and S3.5), a shift of the 
band of hydroxyl group for lower energy states (3447 cm
-1
 from PK and 3419 cm
-1
 from PF) was 
identified when IBP was loaded, indicating the formation of hydrogen bonding interactions. 
When β-CDs (Figure S3.6) were incorporated, the C=O stretching was completely absent. This 
fact has been already described as an evidence of the inclusion of IBP inside β-cyclodextrin 
cavity [268, 270, 293], which explains the more extended release profile of the IBP observed for 
β-CDs. Nonetheless, when the carriers with and without IBP are incorporated inside PVA/CS 
membranes it was not possible to visualize their characteristic bands (Figures S3.7 and S3.8). 
 
Taking into account the overall data herein presented, it may be concluded that the membranes 
depressurized in 10 min presented the most suitable properties for being used as wound 
dressings. Specifically those membranes present a more porous structure, leading to higher 
water uptake capacity and WVTR which is compatible with the maintenance of a controlled 
moisturized environment at the wound site. In addition, they present better mechanical 
properties that allow their handling during the healing process. Thus, the membranes 
depressurized in 10 min were chosen to further evaluate their suitability for the treatment of burn 



















3.4.7. Dressings biocompatibility 
 
 
The cytocompatibility of PVA/CS membranes loaded with the different carriers containing or not 
IBP was evaluated through in vitro studies. NHDF cells adhered and grew in the presence of the 
different systems (Figures S3.9 and S3.10), and in the negative control (cells seeded without 
materials), highlighting the membranes biocompatibility. To further characterize the 
biocompatibility of membranes an MTS assay was also performed. As observed in Figure 3.6, 
cells remained viable in contact with membrane specimens after 1, 3 and 7 days of incubation. 
The results obtained reveal that these systems do not affect cellular viability, which is a crucial 















Figure 3.6. Evaluation of cellular activity in contact with the different dressings with and without IBP 
through an MTS assay after 1, 3 and 7 days. (K
-
) live cells; (K
+




3.4.8. Evaluation of membranes performance during the wound healing process 
 
 
The local and systemic histocompatibility of the different dressings was evaluated in vivo, 
through the induction of a full-thickness dermal wound in Wistar rats. The animals were initially 
separated into 9 groups, as already reported in Section 3.3.12. Groups 1-3 were set as controls. 
Animals of group 1 had their wounds only treated with PBS and were used as control to screen 
the wound healing process without the application of any dressing. The application of PVA/CS-
based hydrogel (group 2) was used to check if this system had any adverse effect on the 
healing. In group 3, a 1 mg/mL IBP solution was applied to verify the impact of the drug direct 
application in the progression of the wound healing process. All other groups were used as test 
samples where different carriers loaded with or without IBP and encapsulated within 




application. IBP-loaded PVA/CS hydrogel was not set as a study group taking into account the 
fast drug release profile reported in previous work [103]. Along the study the animals exhibit a 
general good health condition, as confirmed by their weight gain. 
 
Wound closure was assessed by macroscopic observation and histological analysis of the 
wounded area. In Figure S3.11A is possible to observe the wound beds after burn induction and 
the different treatments applied. The qualitative assessment (Figure S3.11A), the wound size 
evaluation (Figure 3.7A and Figures S3.11C and D) and the histological analysis (Figure 3.7B 
and Figure S3.11B) show that PVA/CS+β-CD_IBP are promising wound dressings, since the 
wound closed significantly more rapidly during the treatment, in comparison to the control 
assays and the other tested groups.  
 
PVA is a very attractive synthetic polymer for producing membranes due to its good 
biocompatibility, thermal and chemical stability, adequate mechanical resistance and 
biodegradability. Conversely, CS is a natural polysaccharide commonly investigated for the 
treatment of skin wounds attributable to its antimicrobial properties, biocompatibility, 
biodegradability and hemostatic activity. Furthermore, its hydrophilic surface advances cell 
adhesion, growth and differentiation, events that are crucial for stimulating the healing process 
[96, 147, 165, 207]. However, and based on the histological studies, the groups treated with 
PBS and neat IBP lead to scab formation during the wound closure, which is one of the main 
problems affecting wound-management [294]. On the other hand, the wound size of animals 
treated with IBP-loaded carriers showed an evident decrease in the wound area during the first 
days, compared to those where no IBP was administered (Figure 3.7A and Figures S3.11C and 
D). The results stress not only the significance of an initial covering of the damaged area with 
hydrogel-based systems but also the incorporation of IBP in these systems to avoid an acute 
inflammatory phase in the early stages of healing. As stated before, due to its anti-inflammatory 
properties, IBP can minimize the complications associated with the wound healing process such 
as maceration, infection and pain, by enhancing wound contraction and, consequently, the 
healing course. Yuan et al. [242] also described the anti-inflammatory effect of ibuprofen-loaded 
electrospun PLLA fibrous scaffolds and the promotion of muscle healing through in vivo studies. 
 
A detailed histological analysis of skin specimens was carried out after 10 and 21 days to 
characterize the wound healing progression for all groups (Figure 3.7B and Figure S3.11B). At 
10 days post-injury, the data collected showed the formation of necrotic tissue (scab) in control 
groups (groups 1 and 3), while in other assays where wound dressings were applied, no scab 
formation was observed. This fact emphasizes, once more, the importance of covering the 
wound to avoid scab formation and wound contamination. In a previous study, it was stated that 
the use of elastomeric biodegradable hydrogel-based structures can reduce the scab formation, 














After 21 days, all the skin lesions exhibited a complete epithelization and wound dressing 
degradation, except the animals treated with PK membranes (membranes that have a low water 









































Figure 3.7. Characterization of the wound healing process under in vivo conditions. (A) Representation 
of the percentage of wound closure showing the faster healing for the group treated with PVA/CS+β-
CD_IBP. (B) Histological analysis of skin samples obtained after 10 and 21 days, highlighting the wound 
healing progression along the time frame chosen. HS: healthy skin; SB: scab; RE: re-epithelization; NT: 




Figure 3.8 shows magnified images of the histological skin samples of animals group displaying 
the best results. Inflammatory cells were noticed in all groups 10 days post-injury. At day 21, no 
signs of inflammation or the presence of reactive granulomas were noticed in the group treated 




macrophages and neutrophils at the injured site for the control assay (treated with PBS). All the 
wound dressings tested were completely degraded and new tissue (epidermal and dermal layer) 
was visualized in skin samples obtained from test groups. For some experimental assays, 
inflammatory cells were also present despite the use of IBP. It is reported that the presence of 
some inflammatory cells such as macrophages are required for the wound healing, once they 
are involved in the secretion of growth factors responsible for cell growth, proliferation and 
protein synthesis. These cells can influence proteases and their inhibitors production, 
determining ECM synthesis or remodeling, and contribute to biomaterials’ degradation [277, 
296].   
 
The absence of an inflammatory reaction in damaged skin areas treated with different 
membranes and the nonattendance of pathological features in the organs obtained by necropsy 
(data not shown) revealed the local and systemic histocompatibility of the biomaterials.  
In addition, the increase in thickness of the epithelial layer and the complete epithelization 
observed in the treated skin wounds, suggest that the produced membranes can be used to re-




















Figure 3.8. Magnified images of H&E-stained histological sections of the test groups after 10 and 21 





The Masson’s trichrome analysis (Figure 3.9 and Figure S3.12) identified the presence of 
collagen type III in the neo-dermis in all tested groups, 21 days post-injury, which was produced 
by fibroblast cells. The synthesized collagen promoted the migration of fibroblast to the 
wounded area, which is fundamental for the formation of neo-tissue. As described in literature 














Collagen type I plays a crucial role in skin formation and repair, as well as, in the maintenance 



















Figure 3.9. Representative images of Masson’s Trichrome analysis of stained explants of the control and 
PVA/CS+β-CD_IBP groups. Images with higher magnification show the presence of collagen type III (CG) 






In this study, the use of ibuprofen-controlled release carriers was the key strategy to make 
practicable the use of hydrogel based dressings with relevant properties for wound healing. The 
dressings were made from a blend of chitosan, a natural polymer, and PVA encapsulating the 
controlled IBP release systems in order to develop macroporous networks with adequate 
morphological and mechanical characteristics for the envisioned biomedical application. 
Sustainable, solvent free and green approaches were used to develop the IBP loaded carriers 
as well as the assembled wound dressings. β-CDs and previously synthesized PGDMA 
microbeads were loaded with IBP using scCO2 impregnation. The incorporation of loaded IBP-
delivery systems into the hydrogel matrix, by scCO2-induced phase inversion, endowed the 
mediation of the anti-inflammatory drug delivery throughout the wound healing process. β-CDs 
revealed to be the most promising drug delivery systems where the complete release of the 
drug occurred only after 3 days unlike the 1 day observed for PGDMA microbeads, which can 
be explained by the inclusion of IBP in the hydrophobic cavity of the carrier. The sustained IBP 
release profile was also studied through in vivo assays. The wound size of animals treated with 
PVA/CS+β-CD_IBP decreased over time, while for the other tested groups treated with 
PVA/CS+PF_IBP and PVA/CS+PK_IBP an increase of the wound size was observed between 2 
and 7 days post injury. In addition, IBP displayed an anti-inflammatory effect during the wound 




importance to cover the wounded area in order to avoid scab formation and its microbial 
contamination, for which the presence of the dressings was crucial.  
Taking into account all the results obtained, the developed membranes provide suitable wound-
healing environment accomplishing the required criteria set forth for an ideal wound dressing. 
Particularly, PVA/CS+β-CD_IBP systems revealed to be those with the best characteristics for 
treating full-thickness wounds, since it is able to perform exudate absorption and vapor 
permeation compatible with a faster wound healing process, without scarring and also re-
establishing all the functional and structural features of native skin. Moreover, the presence of 
IBP was crucial to prevent an excessive inflammatory phase during the first stages of healing 
and, consequently, to promote faster tissue repair. Based on the results obtained, we believe 
that the use of ibuprofen will be considered in skin regeneration and that the IBP-carriers herein 
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The continuous search for an ideal wound dressing has resulted in the development of 3D 
constructs with different morphologies and topographies, made of synthetic and/or natural 
polymers, and loaded with/without cells or bioactive agents. Currently there are several 
commercially available tissue-engineered skin constructs, although none of them is able to fully 
reproduce the native structure and functions of skin.  
One of the main purposes of this Ph.D. dissertation was to highlight the potential of 
asymmetrical membranes to be used as wound dressings. Indeed, they can be a feasible 
alternative to epidermal/dermal substitutes commercially available which require the use of 
silicone or bandages to mimic the top thin layer protecting the wound from physical damage and 
microorganisms penetration. These adhesive systems can cause tissue trauma once removed, 
leading to the increase of wound size, exacerbate wound pain and delay healing. Furthermore, 
the adhesives used can cause cutaneous allergy and do not allow cells adhesion and tissue 
proliferation. These factors can adversely affect patient’s quality of life and have cost 
implications for healthcare providers. The use of an integral asymmetrical membrane can avoid 
such drawbacks through the use of biocompatible and biodegradable polymers, while mimicking 
the structure of a healthy skin. 
 
Asymmetrical membranes were successfully produced through wet- and dry/wet-phase 
inversion techniques, presenting the suitable structure (thickness and porosity) to have the 
desired values of water uptake and vapor and gas permeation in order to promote a perfect 
wound healing process. However, those methods are time-consuming (the full process takes, 
usually, more than 24 h) and require the use of toxic solvents, which need to be removed by 
additional post-treatments. Furthermore, the studies reported so far only describe the use of two 
polymers, PU and CS, for the production of asymmetrical membranes using conventional 
methods due to the non-solvent used on the coagulation bath (usually NaOH-Na2CO3). 
Naturally, wound-management and care should not be restricted to two polymers, and to 
methods with high production costs.  
To overcome such limitations, this work led to the implementation of greener, easier, clean and 
faster synthetic route to the production of asymmetrical membranes with hydrogel-like 
properties and drug delivery systems for skin wound healing. In fact, comparing the synthesis, it 
can be concluded that following scCO2-assisted phase inversion method, instead of the 
conventional ones, a more sustainable protocol can be achieved with a clear reduction of 






Table 4.1. Comparison between conventional and scCO2 – assisted phase inversion  methods on 
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To cope with this demand and realize the use of green approaches on wound management, 
asymmetrical dressings made of PVA/CS were developed using supercritical fluids 
technologies. The membranes presented a skin top layer of about 15 µm and a porous inner 
layer able to absorb a highly amount of exudate (350-450%). Interestingly, the dressings can 
gel upon contact with biological fluids forming a stable and durable (with low biodegradability) 
hydrogel-like sheets, able to maintain a humidified atmosphere at the wound and with suitable 
mechanical properties for handling.  
 
However, as a property of hydrogel-like dressings all the drug cargo that is entrapped into the 
gel is usually released in a too short period of time, thus not suitable for wound healing. Indeed, 
such result was observed when IBP was loaded into the PVA/CS asymmetrical membranes 
developed: after 40 minutes all the drug cargo was release, which from the wound healing 
process point of view is really fast. As a non-steroidal anti-inflammatory drug it should be 
released at least 12 h post-injury which corresponds to the peak of the inflammatory phase 
[103, 224, 300]. To overcome such handicap and to turn sustainable the application of the 
PVA/CS membranes and to explore the effect of IBP in the treatment of full-thickness wounds 
(the two other main goals of this Ph.D. dissertation), PGDMA microbeads (synthesized in scCO2 
conditions) and β-CDs loaded with the drug were introduced into the hydrogel matrices 
modulating the release of the anti-inflammatory drug according to the demands of a good 
wound healing process. As observed on Figure 4.1, which correlates the wound healing phases 
with the percentage (Mt/M∞) of IBP released and the percentage of wound healed over time by 
using the several dressings, the membranes containing the carriers enabled a more sustained 
drug release until the inflammatory phase. β-CDs revealed to be the best carrier releasing 79% 
of the drug cargo 12 h post-injury (corresponding to the peak of the inflammatory phase), while 














PVA/CS+PF_IBP systems. The sustained drug release from PVA/CS+β-CD_IBP led to faster 
skin regeneration as observed. In the groups treated with PVA/CS+PK_IBP and 
PVA/CS+PF_IBP an increase of the wound size was verified at days 4 and 7, which could be 
explained by the faster drug release from these systems that do not reached the time range of 
the inflammatory phase.       
In addition, the in vivo studies emphasized that a simple and non-expensive (in comparison with 
several growth factors and other active agents) NSAID was crucial to prevent an excessive 
inflammatory phase at the early stage and to promote the tissue repair at the later stage of 
healing process. Moreover, the presence of the several dressings developed avoided scab 
formation.  
Overall, the strategy presented in this work highlight the benefits of a simple NSAID for skin 
wound regeneration and opens new opportunities for the production of easy to use well-
designed membranes to be handled as wound dressings that can act also as controlled drug 














































































































































4.2. Future prospects 
 
Since the scCO2-assisted phase inversion method is a relatively new technique and was only 
applied recently for the production of asymmetrical dressings, the desired properties of an ideal 
wound dressing were not yet obtained, as can be concluded from data summarized in Table 
4.2.  
 
Table 4.2. Comparison of the properties of the different membranes developed taking into 





A plethora of studies should be performed, opening new frontiers to develop better systems. 
The developed asymmetrical membranes produced by scCO2-phase inversion technique made 
of PVA/CS present some limitations: the thickness of the top dense skin layer is high (~15 µm) 
and the porosity of the sponge-like inner layer (~40%) is low for a suitable balance between 
WVTR and gas flux permeation. As described previously, the membranes should present a 
dense skin top layer with a thickness of 5-10 µm and a porosity in the range of 60-90%. In 
addition, the pore diameter of the all membranes developed is too small which can also difficult 
the passage of the water vapor and oxygen molecules. The characteristics of the developed 
membranes could be improved by testing other pressures, temperatures, depressurization 
rates, other co-solvents and polymers or by using a stainless steel cap (the disk where the 
polymer solution is loaded) with lower height. Nonetheless, we believe that the high water 
uptake ability of the membranes developed through scCO2-assisted phase inversion technique 
contrabalances the low water vapor and gaseous exchange improving the wound dressings’ 
performance. 
Additionally, it should be interesting to understand why the introduction of carriers avoided the 
formation of an asymmetrical structure on PVA/CS+PF and PVA/CS+β-CD membranes. From 
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matrix increases the rate of degradation, due to the looser interactions between the PVA and 
CS, which per si, could also affect the inner structure of the membranes. However, more 
membranes should be developed and their inner structure evaluated. The interactions between 
IBP and β-CDs, the best drug delivery system reported, could be also an extremely interesting 
study to be performed. 
Other type of polymers and carriers could also be tested. For example, dextran, a bacterial 
polysaccharide, has been extensively used in the treatment of burned skin wounds and as a 
carrier for a variety of therapeutic agents [164, 301-303]. Additionally, gelatin- and alginate-
based microspheres have received a lot of attention as growth factor delivery systems for 
wound healing for decades. In addition to proteins, DNA-based chains have appeared as 
suitable alternatives with reduced productions costs and toxicity [261, 304-306]. 
 
As described, the use of green technologies for the production of asymmetrical membranes is 
just taking off, and therefore there is here a great opportunity for dreamer scientists to discover 
the long-awaited ideal dressing. Furthermore, the world economic status demands for 
inexpensive, non-time-consuming and non-labor intensive procedures. Considering an industrial 
application, the processes can be easily scaled-up and are only limited to the dimensions of the 
scCO2 apparatus. However, it is crucial to unite multidisciplinary researchers, specially, 
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Chapter 2. Poly(vinyl alcohol)/chitosan asymmetrical membranes: highly 










Figure S2.1. Scanning electron micrographs of 17.25 wt% (77% PVA / 23% CS) membranes surface, 




















Figure S2.2. Scanning electron micrographs of 13 wt% (67% PVA / 33% CS) membranes surface, cross-









Figure S2.3. Scanning electron micrographs of 9 wt% (50% PVA / 50% CS) membranes surface, cross-
































Chapter 3. Ibuprofen loaded poly(vinyl alcohol)/chitosan membranes for wound 














Figure S3.1. Maximal tensile strain (%) analysis of PVA/CS_4min and PVA/CS_10min membranes with 












Figure S3.2. Tensile strength (MPa) analysis of PVA/CS_4min and PVA/CS_10min membranes with the 











Figure S3.3. Korsmeyer-Peppas Model for mechanism of IBP release from the different drug delivery 
systems at pH 8 and 35º C: (A) PVA/CS+PK_4min (♦) and PVA/CS+PK_10min (◊); (B) PVA/CS+PF_4min 








































Figure S3.5. ATR-FTIR spectra of pure (S)-IBP, PK microbeads loaded with IBP (PK_IBP) and PK 
microbeads. 
 





Figure S3.7. ATR-FTIR spectra of PVA/CS+PK membranes, PVA/CS+PF membranes, PVA/CS+β-CD 






Figure S3.8. ATR-FTIR spectra of PVA/CS+PK membranes loaded with IBP, PVA/CS+PF membranes 




































Figure S3.9. Microscopic photographs of human fibroblast cells after being seeded in the presence of the 
developed membranes with the different carriers during 1, 3 and 7 days. K
-
 : live cells; K
+
 : dead cells. 






Figure S3.10. Microscopic photographs of human fibroblast cells after being seeded in the presence of 
the developed membranes with the different carriers loaded with IBP during 1, 3 and 7 days. K
-
 : live cells; 
K
+









Figure S3.11. Characterization of the wound healing process under in vivo conditions. (A) 
Representative macroscopic images of the different wounds induced in animals from the different groups, 
after 4, 9, 14, 18 and 21 days. (B) Histological analysis of skin samples obtained after 10 and 21 days for 
groups treated with PVA/CS, PVA/CS+PF, PVA/CS+PF_IBP, PVA/CS+PK and PVA/CS+PK_IBP, 
highlighting the wound healing progression along the time frame chosen. HS: healthy skin; SB: scab; RE: 
re-epithelization; NT: neo-tissue; and WD: wound dressing. Wound margins were delineated. (C) and (D) 
























































Figure S3.12. Representative images of Masson’s trichrome-stained histological sections of explants at 
day 10 and 21, highlighting the wound healing progression along the time frame chosen. HS: healthy skin; 
SB: scab; RE: re-epithelization; NT: neo-tissue; and WD: wound dressing. Wound margins were 
delineated. 
 
